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Thesis abstract
Predicting, monitoring and controlling the growth of Listeria in complex food
matrices
Laura Nyhan, B.Sc.

Listeria monocytogenes is a foodborne pathogen which is a significant challenge in
food production, particularly for ready-to-eat (RTE) products. Incidence of Listeria
in RTE foods can be reduced by the application of intelligent combinations of
preservative factors or hurdles, while data quantifying the efficacy of hurdle
combinations can be exploited and used in the area of predictive microbiology.
Traditional culture-based techniques, such as viable plate counts, are commonly used
to monitor the growth/survival of microorganisms in foods, however these methods
are tedious, time-consuming and due to their destructive nature, are associated with
low reproducibility and high variability. Therefore, rapid, non-invasive enumeration
methods are required as alternatives to culture-based techniques for studying the
growth kinetics of Listeria in food matrices in response to various hurdles. The
overall aim of this thesis was to investigate novel methods for predicting, monitoring
and controlling the growth of Listeria in complex foods. A mathematical model was
validated which predicted the combinatorial effect of pH (4.7 – 5.3), water activity
(0.93 – 0.98) and organic acids (0 – 2mM) on Listeria growth in laboratory media
(BHI broth) and two RTE foods (zucchini purée and béarnaise sauce). Experimental
findings highlighted the importance of model validation in real food matrices, while
the study was the first to report on modelling of propionic acid in combination with
other hurdles for inhibition of Listeria. Following this, the efficacy of indirect
impedance (using the Rapid Automated Bacterial Impedance Technology;
R.A.B.I.T. system) for measuring growth rates of L. innocua in the afore-mentioned
food matrices under similar environmental conditions was investigated. Although
growth rates were determined in several different experimental conditions in all three
test matrices, growth of L. innocua was not detected in a large number of conditions,
highlighting the limitations associated with the technology for determining microbial
growth rates. Subsequently, Lux technology was evaluated as an alternative to
traditional plate counts for determining growth rates of Listeria in foods under
viii

varying conditions of pH, water activity and organic acids. Results showed that
specific growth rates determined using Lux technology were not significantly
different from those obtained using plate counts, highlighting the potential of the
method as a rapid alternative to plating techniques. The combinatorial effect of
bioengineered nisin derivatives on Listeria growth was explored, with enhanced antilisterial activity observed when peptides were used in combination with each other,
compared to when each was used singly. Importantly, the enhanced activity of the
selected nisin peptide combinations was maintained in a model food system. Finally,
the use of ultraviolet light-emitting diodes (UV-LEDs) as an alternative to traditional
mercury UV lamps for the inactivation of L. monocytogenes and three other
microorganisms (Escherichia coli, Salmonella Typhimurium and Bacillus subtilis)
on a plastic surface and in powdered food ingredients was investigated, with results
highlighting the efficacy of the method and its potential for future application in the
food industry. In conclusion, this work has investigated the use of predictive tools,
novel antimicrobial strategies and alternative enumeration methods with the overall
aim of controlling the growth of Listeria in foods and thus, improving food safety.
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______________________________________
Chapter I
Rising to the challenge: a review of non-invasive
enumeration methods as alternatives to culture-based
techniques for monitoring growth kinetics of foodborne
pathogens in challenge studies

______________________________________

A manuscript based on this chapter is under preparation for submission for
publication.
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Abstract
The occurrence of foodborne illness is a global health risk, and contamination of foods
with foodborne pathogens during production and post-processing poses a major problem
for food business operators. A safer food supply can be ensured using hurdle technology,
whereby multiple preservative factors are applied to a food product, resulting in mild but
effective preservation. To assess the efficacy of multi-hurdle conditions on microbial
growth in foods, challenge studies are performed. Challenge studies can be used to
determine whether a food can support growth of a target microorganism, observe the
growth and survival of microorganisms in food and assess the lethality of processing
treatments. Data from challenge studies describing growth kinetic parameters of
microorganisms in food can be exploited and used in the field of predictive microbiology,
with the aim of developing predictive models capable of accurately estimating microbial
behaviour under varying environmental conditions. In challenge studies, pathogens are
normally enumerated by means of culture-based methods, such as viable plate counts or
the most probable number technique. Although considered the ‘gold standard’, these
methods are tedious, labour-intensive and time-consuming, requiring long incubation
times before a result is obtained. Along with this, culture-based methods are often
associated with high variability and low reproducibility due to their disruptive nature.
Non-invasive enumeration methods are desirable, due to their potential for automated,
contactless measurements thus saving time and labour, and their ability to generate data
in real-time, eliminating the requirement for long incubation periods. This review
describes alternative, non-invasive microbial enumeration methods and assesses their
suitability for generating growth kinetics data in challenge studies.
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Introduction
Foodborne pathogens are bacteria, fungi or viruses which contaminate food products and
cause foodborne illness when consumed (Alahi and Mukhopadhyay, 2017). Foodborne
disease can occur due to the reaction of the body to the pathogen itself, or as a result of a
toxin produced by that pathogen (Martinović et al., 2016). Everyone is susceptible to
foodborne illness, however young children, the elderly, pregnant women and
immunocompromised individuals are considered high-risk groups. The Centers for
Disease Control (CDC) estimate that approximately 48 million foodborne illnesses occur
in the US each year, resulting in 128,000 hospitalisations and 3,000 deaths. Reports show
that the pathogens Listeria monocytogenes, Campylobacter spp. and Salmonella spp. are
amongst the top five microorganisms which contribute to death as a result of foodborne
contamination (CDC, 2018). In Europe alone, approx. 5,079 outbreaks were reported in
in 2017, leading to 4,541 hospitalisations and 33 deaths (EFSA, 2018a).
In order to ensure a safe food supply, FBOs use different preservatives and processing
methods with the overall aim of reducing/eliminating microorganisms in the food. In
order to assess the effectiveness of a preservation method for a specific food,
microbiological challenge studies are carried out, in which bacteria are normally
enumerated using culture-based methods. However, these methods are tedious, labourintensive and time consuming. Long incubation times are required to obtain results and
the methods are associated with high variability and poor reproducibility. Molecular
methods, immunological assays and direct microscopic techniques have been established
for quantification of microbes in foods, however these methods are limited by their
inability to distinguish between live and dead cells without additional staining steps.
Additionally, they have high cost, are prone to false-positive and false-negative results,
sensitive to interference from the food sample and often require skilled personnel to
perform them (Jasson et al., 2010). Because of this, non-invasive enumeration
methodologies are often desirable when working with foods. The use of automated
equipment allows experiments to be performed over longer time frames and eliminates
the requirement for researcher input, while instantaneous measurements allow for the
behaviour of the target microorganism to be monitored in real-time. The number of steps
involved in sample enumeration is significantly reduced compared to culture-based
methods hence non-invasive measurements are more reproducible and have the potential
for high sample-throughput. The aim of this review is to briefly discuss currently used
3

culture-based methods, and explore alternative, non-invasive enumeration methodologies
with a view to their suitability for use in challenge studies.

Food preservation and hurdle technology
Control of foodborne pathogens poses a significant challenge for food producers,
especially for manufacture of ready-to-eat (RTE) products which don’t undergo further
processing by the consumer prior to consumption. While an effective cleaning/sanitary
process can aid in the reduction of pathogens in food processing plants, crosscontamination of food products remains a problem (Pérez-Rodríguez et al., 2008) and
products can also become re-contaminated post-processing (Reij and Den Aantrekker,
2004). Along with this, the EFSA reports that of the outbreaks recorded in 2017,
approximately 33% of cases reported ‘household’ as the place of exposure, highlighting
the possibility of product contamination due to consumer mishandling (EFSA, 2018a).
Therefore, it is important that the preservation methods applied to the product ensure a
safe food supply even in the case of accidental contamination, whether that be in the
manufacturing plant or by the consumer themselves.
Addition of preservatives may affect the taste and sensory properties of foods and along
with this, consumers are becoming increasingly aware of the link between diet and health
and are demanding food products with reduced fat, sugar and salt levels. As a result,
product reformulation is of considerable interest to the food industry, however the
consequences of reformulation on the growth of food pathogens is largely undetermined.
Replacing traditional preservatives with alternatives has the potential to cause serious
foodborne outbreaks as evidenced in the UK, whereby replacement of the sugar in a
hazelnut yoghurt with the artificial sweetener aspartame resulted in an outbreak of
foodborne botulism (O’Mahony et al., 1990). Therefore, food manufacturers are under
pressure to provide products which are microbially safe and stable but continue to meet
the ever-changing demands of the consumer.
The concept of “hurdle technology”, firstly introduced by Leistner (1978), hypothesises
that synergy may exist between antimicrobial factors. This is the basis for the multiplehurdle concept, whereby multiple preservation factors or hurdles are applied, resulting in
the mild but effective preservation of foods. As multiple hurdles are combined, the
individual hurdles can be set at a lower intensity than if just a single hurdle was used,
4

therefore stabilising the nutritional and sensory properties of the food (Leistner and
Gorris, 1995). Traditional hurdle combinations are based on heat, water activity, acids
and salts, however the use of some alternative hurdles and their recent applications are
listed in Table 1.1. The selected articles were obtained from a SCOPUS literature search
(sorted by relevance). Keywords used in the search were the hurdle in question e.g. high
hydrostatic pressure AND food AND Listeria OR E. coli OR Salmonella OR
Campylobacter OR Clostridium. Results were filtered to show articles published within
the last five years and for clarity, one application of each hurdle is presented in the table.
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Table 1.1. Examples of physical, physiochemical and microbially-derived hurdles that may be used in food preservation

Physical hurdles
Hurdle/
Preservative
High pressure
processing
(HPP)

Strain(s)

Experimental conditions

Result

Cocktail of L. monocytogenes
ATCC 15313 & KCTC 13064

Broccoli heads inoculated with 6.8 log
CFU/g of L. monocytogenes cocktail and
exposed to HPP treatment at 200 or 400 MPa
for 5min

Treatment at 200 or 400 MPa for 5min produced log
reductions of 0.64 and 5.62 log CFU/g, respectively

Woo et al.
(2019)

Modified
atmosphere
packaging

Cocktail of S. Enteritidis
ATCC 13076, S.
Typhimurium ATCC 14039,
S. Infantis ATCC 51741 and S.
Arizonae ATCC 13314

Minced meat was inoculated with 8.8 log10
CFU/g of Salmonella spp. cocktail,
packaged under different MAP and analysed
every 3 days for 12 days

Counts reduced to ~6.8 log10 CFU/g after 6 days with an
increase to 6.9-7.2 log CFU/g at day 12

Djordjević et al.
(2018)

Pulsed UV light

Cocktail of L. monocytogenes
MF3860, MF3939, MF4001,
MF4077, MF4588, MF4804,
MF2184, MF3009, MF3039,
MF3710

Smoked salmon fillets surface inoculated
with 5x105 CFU/ml of cocktail and exposed
to pulsed UV light at fluences of 1.3-10.8
J/cm2

0.79 log10 reduction at a fluence 1.3 J/cm2, 1.1 log10
reduction at fluences of 3.6-10.8 J/cm2

Holck et al.
(2018)

UV light
emitting diodes
(UV-LEDs)

Cocktail of S. Typhimurium
CICC 21484, L.
monocytogenes CICC 21662
and
E. coli O157:H7 CICC 10907

Tuna fillets inoculated with 5.10, 5.14 and
5.66 CFU/g of E. coli, L. monocytogenes and
S. Typhimurium, respectively and exposed
to UVC-LEDs at doses of 500 – 4000
mJ/cm2

UVC-LED treatments of 4000 mJ/cm2 resulted in log
reductions of 1.31, 1.86 and 1.77 CFU/g of S.
Typhimurium, L. monocytogenes and E. coli,
respectively.

Fan et al.
(2020)
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Reference

Pulsed electric
field (PEF)

Acid-adapted E. coli ATCC
11775

Strawberry juice inoculated with 6 log
CFU/ml of E. coli and subjected to PEF at
25-35 kV/cm for 5-27µs.

Reductions of 5.16 log CFU/ml of E. coli observed
following PEF treatment at 35 kV/cm for 27µS

Yildiz et al.
(2019)

Non-thermal
atmospheric
plasma (NTAP)

S. Enteritidis CECT 4300
S. Typhimurium CECT 443
S. aureus CECT 4459
Aeromonas hydrophilia CECT
5174
L. innocua CECT 910
L. monocytogenes ATCC
15313
E. coli O157:H7 ATCC 43895
Plesiomonas shigelloides
ATCC 14029

Gamma-irradiated smoked salmon samples
inoculated with 103 – 104 CFU/g of each
microorganism and treated with NTAP for 1s
– 15min.

The time needed to inactivate 99% of the microbial
populations (t99%) were: L. monocytogenes (t99% of 0.42
min), L. innocua (t99% of 0.48 min), S. aureus (t99% of
1.52 min), S. Typhimurium (t99% of 1.90 min), A.
hydrophila (t99% of 2.02 min), S. Enteritidis (t99% of 2.38
min), E. coli (t99% of 2.46 min) and P. shigelloides (t99%
of 2.48 min)

Colejo et al.
(2018)

Gamma
irradiation

L. monocytogenes ATCC
19111 and three L.
monocytogenes strains isolated
from fresh salmon fillets

L. monocytogenes strains inoculated onto
surface of salmon fillets and stored at various
temperatures (-20°C, 4°C and 25°C) and
stored for 35 days, with sampling every 5
days

Lethal dosage of gamma radiation ranged from 1.445.68 kGy depending on strain and temperature

Skowron et al.
(2018)
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Physiochemical hurdles
Hurdle/
Preservative
Essential oils

Experimental conditions

Result

Cocktail of S. Typhimurium
T123, S. Aberdeen T069, S.
Cubana T109 & S. Paratyphi
AT193

Tahini inoculated with 4.5 log CFU/ml of
Salmonella cocktail and 0.2 – 2.5% thyme oil
or cinnamon oil added. Samples incubated at
10, 25 or 37°C for 28 days.

The addition of 2% thyme oil resulted in log reductions
of 3.29, 3.03 or 2.17 log CFU/ml after storage at 37, 25
or 10°C for 28 days, respectively. Lower reduction were
observed using 2% cinnamon oil, with decreases of 2.87,
2.64 or 2.35 log CFU/ml observed following storage at
37, 25 or 10°C for 28 days, respectively

Al-Nabulsi et
al. (2020)

Cocktail of three S. enterica
isolates (serovars
Typhimurium, Agona &
Saintpaul)
Cocktail of three E. coli
isolates (STEC, serotypes
O157:H7, O104:H4 &
O121:H19)

Alfalfa sprouts inoculated with 7 log10
CFU/g of cocktails of S. enterica and
cocktails of E. coli and subjected to ozone
treatment (5ppm) for 10, 15 or 20min

A total reduction of 2.1 log10 CFU/g for both S. enterica
and E. coli after 20 min exposure

Mohammad et
al. (2019)

Phytochemicals

Cocktail of five EHEC strains
– E, E10, E22, E7927 &
EDL933

Apple cider inoculated with 7 log10 CFU/g of
E. coli cocktail, followed by addition of two
phytochemicals, mega-resveratrol (RV) and
naringenin (NG). Samples stored at 4°C for
14 days

E. coli counts reduced by 2.5 log CFU/g and 4.5 log
CFU/g on day 14 by RV and NG, respectively.

Nair et al.
(2020)

Electrolyzed
water

E. coli O157:H7 EDL 933
S. Typhimurium ATCC 14028

Shredded organic carrots were inoculated
with ~ 6 log CFU/g of E. coli and S.
Typhimurium and immersed into 200ml
electrolyzed water (4mg/L chlorine) at
temperatures of 60, 70 or 80°C for 10-180s

Treatment with electrolyzed water at 80°C for 180s was
most effective, resulting in reductions of 3.5 and 3.0 log
CFU/g for E. coli and S. typhimurium, respectively.

Liu et al. (2019)

Ozone

Strain(s)

8

Reference

Organic acids

S. Typhimurium,
E. coli O157:H7
S. aureus

Tabbouleh salad was inoculated with each of
the microbes, treated with different
concentrations of acetic acid and citric acid
singly and in combination and stored for up
to 7 days

S. Typhimurium and E. coli not detected in tabbouleh
treated with 0.4% acetic acid after 5 and 7 days,
respectively. Acid combinations were synergistic
against S. Typhimurium and E. coli but not S. aureus

Al-Rousan et al.
(2018)

Microbially-derived hurdles
Hurdle/
Preservative

Strain(s)

Experimental conditions

Result

Bacteriocin

L. monocytogenes EGDE and
F2365

Chocolate milk and cottage cheese were
spiked with 5 log CFU/ml of L.
monocytogenes to which capidermicin (a S.
capitis derived bacteriocin) was added, alone
or in combination with nisin, and incubated
at room temperature for 3h.

In cottage cheese, capidermicin alone, nisin alone and a
capidermicin-nisin combination resulted in an increase
of 1 log CFU/g, a reduction of 1.7 log CFU/g and a 2.6
log CFU/g reductions, respectively. In chocolate milk,
no change in cell numbers was observed using
capidermicin alone, while reductions of 1.2 log CFU/g
and 2.5 log CFU/g were observed using nisin alone and
a capidermicin-nisin combination, respectively.

Lynch et al.
(2020)

Bacteriophage

Cocktail of L. monocytogenes
B7/AL48/15 &
L. monocytogenes Scott A ATCC 15313

Pork ham slices were treated with 5x105
CFU/g of bacteriophage P100, surface
inoculated with 4 log CFU/g of L.
monocytogenes cocktail and enumerated
immediately and after 72h.

L. monocytogenes was decreased to below detectable
levels at T0 and T72

Figueiredo and
Almeida (2017)

Protective
cultures

Lactobacillus plantarum
PCS20 & L. delbrueckii
DSM27004
Clostridium perfringens
DSM756 & Clostridium spp.
DSM1985

Ground pork meat was inoculated with 4.2
log CFU/g of either Clostridium strain, 9 log
CFU/g of L. plantarum PCS20 and stored for
9 days at 22°C.

L. delbrueckii DSM27004 could not survive in ground
meat. L. plantarum PCS20 reduced counts of C.
perfringens DSM75 and Clostridium sp. to 1.5 log
CFU/g and 1 log CFU/g, respectively, after 9 days

Di Gioia et al.
(2016)
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Microbiological challenge testing
European Regulation (EC) No. 2073/2005 sets out the microbiological criteria for
microorganisms in foods by which food manufacturers must comply. Depending on the
microorganism or the food in question, the bacterium may have to be absent in the product
at the time of leaving the food processing facility, or manufacturers may have to
demonstrate that cell numbers will not exceed a defined limit throughout the shelf life of
the product. Microbiological challenge testing has long been an important tool to the food
industry, used to determine the safety of a food product, establish shelf-life, investigate
the effect of product reformulation and establish critical control points (CCP) in a
processing line. In challenge studies, foods are spiked with a known concentration of the
target microorganism to determine the ability of the food to support growth of the
particular organism, and if so, observe the behaviour of the organism in the food under
foreseeable storage and distribution conditions (Komitopoulou, 2011). Alternatively,
challenge studies may be utilised to assess the lethality of a process or treatment to reduce
microbial numbers in the food.
Reviewed by Spanu et al. (2014), several considerations must be taken into account when
designing a challenge test, an overview of which is given in Figure 1.1. One of the main
limitations of challenge testing is that the results are only valid for a certain product tested
under the specific conditions of the experiment. Any further changes in the formulation,
processing, handling of the product etc., regardless of how minor, will require challenge
tests to be re-performed to assess the effect of the change. Challenge studies often involve
monitoring the behaviour and survival of low numbers of microorganisms in food, thus
traditional culture-based methods are routinely used for bacterial enumeration due to their
high sensitivity. For example, measuring the growth potential of a food product to support
growth of Listeria is based on observation a difference of >0.5 log10 between the log10
CFU/g values at the beginning and end of the experiment, an application which requires
sensitivity and a low limit of detection than only culture-based methods can provide.
However, challenge studies are also an important tool for generating data describing
microbial growth kinetic parameters (growth rates, lag times) and such data can be
exploited and used in predictive microbiology (PM), a field which integrates
microbiology, mathematics and technology in order to describe and predict the behaviour
of microorganisms in foods (Fakruddin, Mazumdar and Mannan, 2011). In the past,
predictive models were developed using data generated in laboratory media and have
10

subsequently been deemed inaccurate for application in in food matrices. Thus, the
importance of generating data in real food matrices is being acknowledged and with that,
an increasing awareness of the requirement for alternative enumeration methodologies.
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Figure 1.1. An overview of the challenge testing procedure and consideration factors at each stage
12

TRADITIONAL CULTURE-BASED METHODS
Viable plate counts
Often considered the “gold standard”, plate counts are the most commonly used method
for the enumeration of microbes in foods. The method is based on the assumption that
each single bacterial cell in a population will grow and form a single colony on an agar
plate, allowing determination of the total number of cells within a microbial population
(Davey, 2011). Theoretically, any number of bacteria can be counted through dilution or
concentration of cells, while specific bacteria can be targeted through the use of selective
and/or inhibitory growth media (Bajwa et al., 2013; Hazan et al., 2012). Plate counts
enumerate only the viable cells in a sample, an advantage over methods such as PCR
which don’t have the ability to distinguish between live and dead cells. They can be used
to determine microbial numbers in any food, liquid or solid, and do not require the use
of any specialised equipment or infrastructure.
Three main methods are available for plating samples: pour plating (PP), spread plating
(SP) and drop-plating (DP). The SP method consists of spreading 0.1ml of a dilution onto
the surface of an agar plate, while the method of PP involves pipetting 1ml of a dilution
into a sterile petri dish, pouring over molten agar, mixing gently and allowing to solidify.
First described by Miles, Misra and Irwin (1938), DP is a technique whereby 20µl
volumes of each dilution are dropped onto the surface of an agar plate, left to dry and
incubated, however the method is not standardised, with studies using varying volumes.
PP is considered the most tedious plating technique of the three and may result in a lower
cell count as the molten agar can kill heat-sensitive cells (Clark, 1967). The DP method
has several advantages over both the PP and SP methods, as it requires less consumables
such as agar, petri dishes etc, is less labour-intensive and reduces the time required for
both plating and colony counting (Herigstad et al., 2001). Studies have reported that there
are no significant differences between results obtained using each of the three methods,
(Hoben and Somasegaran, 1982; Naghili et al., 2013), therefore the appropriate method
should be chosen based on the benefits and limitations of each and the requirements of
the experiment. The American Society for Testing and Materials (ASTM) recommends
countable ranges of 20-200 and 30-300 for spread plates and pour plates respectively,
while the US Food and Drug Administration Bacteriological Analytical Manual (BAM)
recommends 25-250 CFU/plate as a countable range. The limit of quantification (LOQ)
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or countable range is between 2-20 for drop plates (Miles et al., 1938). The theoretical
limit of detection (LOD) for pour plating, spread plating and drop plating is 10 CFU/ml,
100 CFU/ml and 500 CFU/ml respectively, when plating a 1:10 dilution of a food sample,
however studies have shown that colony counts below the recommended LOQ range
result in high variability (Forster, 2009; Jongenburger et al., 2010; Sutton, 2011). Thus,
the accuracy of plate counts is impacted when enumerating low levels of bacteria in foods.
A major disadvantage of plate counts is the length of time taken to obtain results. A review
by Jasson et al. (2010) comparing plate counts to other enumeration techniques found that
results from plate counts can take anywhere from 3-7 days to be obtained depending on
the bacteria and the incubation conditions, a major shortcoming, especially in situations
whereby timely results are critical. The reproducibility of plate counts should also be
considered. All enumeration methods will have an inherent level of variability associated
with them, however the risk of introducing error increases with the number of steps
involved in the procedure. Extensively reviewed by Jarvis (2006) and Corry et al. (2007),
each step of the plate count procedure adds uncertainty to the overall result. For example,
an inadequate homogenisation technique will result in a heterogenous suspension with
insufficient recovery of cells, therefore the method of homogenisation should be chosen
based on properties of the food product. For instance, Seo et al., (2003) found that handmassaging increased recovery of Salmonella Enteritidis from eggs when compared to
stomaching, while the opposite was observed by Hannah et al. (2011) for recovery of. E.
coli from chicken skin. A certain level of error associated with plate counts can be reduced
through automation including plating and colony counting. Samples can be plated using
equipment such as a spiral plater, however this is only suitable for filtered suspensions
which do not contain coarse particles, thus excluding the use of this method for many
food products (King et al., 2006). Colony counting is an extremely tiresome procedure
and counts can differ significantly between analysts. Fowler et al. (1978) reported
variation of ±18% between counts performed by five different analysts on the sample
plates, highlighting the advantages of using automatic colony counters. However,
regardless of the control measures undertaken, it is inevitable that a certain level of
uncertainty and variability will exist due to the invasive and lengthy nature of the plate
count method.
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The ability of the culture-based techniques to successfully cultivate cells must also be
considered. As discovered by Xu et al., (1982), a number of bacteria have the ability to
enter a “viable but non-culturable” (VBNC) state. These are cells which have reduced
metabolic activity and are incapable of forming colonies on media but are not considered
to be dead. They continue to retain viability and express virulence (Xu et al., 1982). Cells
may enter this state when exposed to extremely stressful conditions, with researchers
showing that foodborne pathogens such as L. monocytogenes, E. coli and S. enterica have
entered a VBNC state in various food products, including grapefruit juice, vegetables and
powdered infant formula (Barron and Forsythe, 2007; Dinu and Bach, 2011; Nicoló et
al., 2011). The presence of VBNC microorganisms in food matrices can be considered a
risk to human health, as they cannot be detected by conventional food testing methods
(Ramamurthy et al., 2014). Furthermore, VBNC cells can once again become
metabolically active and fully culturable when exposed to more favourable conditions.
Colwell et al. (1996) first demonstrated the pathogenicity of non-culturable cells,
whereby a solution containing VBNC Vibrio cholerae cells was given to healthy human
volunteers. Results showed that the non-culturable cells regained culturability after
entering the intestinal tract of humans (Colwell et al., 1996). Therefore, the ability of the
microorganism in question to enter a VBNC state must be taken into account when using
plate counts for enumeration of microbial cell numbers in food.

Most probable number (MPN) technique
Although plate counts are the most commonly used culture-based method, the most
probable number (MPN) technique has also been utilised for the enumeration of
microorganisms in foods. MPN is a technique based on probability statistics, in which the
likelihood of a given number of bacterial cells being present in a sample is calculated
based on the frequency of occurrence in a dilution series (Oblinger and Koburger, 1975).
The basic assumption of the MPN method is that bacteria in the sample follow a Poisson
distribution, and that the presence of even a single viable cell will result in turbidity of
the test media. Several replicates of the food sample in liquid medium are prepared at
each dilution, incubated and examined. The pattern of growth in tubes can then be
compared to MPN reference tables, taking into account the dilution factors, thus
providing an estimation of the number of bacterial cells in the original sample and the
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95% confidence interval (Sutton, 2010). MPN is generally considered superior to plate
counts for enumeration of very low levels of bacteria, due to the ability to use a larger
sample size (Auvolat and Besse, 2016). A study by Hildebrandt and Schott (2001)
comparing methods for enumeration of Listeria in ground beef samples found that the
detection limit of the MPN method was 66% lower than that of the plate count method,
with the MPN method detecting as low as 3.6 MPN/g compared to 10 CFU/g with plate
counts. Along with this, more Listeria spp.-positive samples were identified with MPN
(43%) than with plate counts (21%). However, the reliability of the method is
questionable, as studies suggest that the MPN-method may under-estimate high cell
numbers, due to clumping of cells in foods. Carroll et al. (2000) showed that the MPN
technique had a tendency to under-estimate cell numbers when numbers ≥ 100 CFU/g
were present, while a similar trend was observed by Jongenburger et al. (2011) when
MPN underestimated C. sakazakii levels in powdered infant formula by 2 log units
compared to plate counts in one bag of samples. In contrast, Chen et al. (2017) observed
a high degree of agreement between MPN and plate counts for enumeration of low levels
of L. monocytogenes in ice cream, hypothesising that because the ice-cream formulation
was easier to homogenise than powdered food such as infant formula, cell clusters were
eliminated from the samples and the accuracy of the MPN method improved.
Inactivation technologies such as thermal processing, high pressure processing (HPP),
pulsed electric field (PEF), ultraviolet (UV) radiation etc. can often result in sublethal
injury of microorganisms, leading to reversible cell structure damage which can normally
be repaired when exposed to favourable conditions once again (Schottroff et al., 2018).
Studies have shown that recovery and resuscitation of injured cells in liquid media may
be better than on solid media (Fusco et al., 2012; Mackey and Derrick, 1982; Wai et al.,
2000) thus the MPN method may be preferable to plate counts in some applications of
challenge studies. Despite this, the method lacks precision and the results are regarded
only as estimates of bacterial concentration (Jasson et al., 2010). Precision can be
improved by increasing the amount of dilutions and replicates that are performed,
however this makes the MPN method tedious and time-consuming (Corry et al., 2007),
particularly in the case of performing a growth curve whereby multiple tubes would need
to be set up at each time point. Additionally, the target microorganism must be recovered
and confirmed from each positive tube for each replicate at each dilution, an extra
incubation step of at least 24h (Auvolat and Besse, 2016). The method can be somewhat
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automated by use of a TEMPO® system, a piece of equipment in which an MPN ‘card’
is filled with dilutions of a sample and a particular TEMPO reagent containing a
fluorescent indicator. The card is incubated and placed in an automatic reader, whereby
bacterial growth is calculated based on fluorescent measurements and presented as CFU/g
(Owen et al., 2010). As the culture media used is specific for the target bacteria, this
eliminates the confirmation step required in the traditional MPN procedure. Studies have
highlighted the time and labour-saving ability of the automated system, and the lack of
significant differences between results obtained with the TEMPO system and the
conventional MPN method and plate counts (Line et al., 2011; Tallent et al., 2018; Torlak
and Akan, 2012). Nonetheless, food samples must still be homogenised and diluted when
using the automated system which introduces components of uncertainty and variance
similar to that of plate counts. Other modified culture methods such as the SimPlate® and
the 3MTM PetrifilmTM are also available and while these methods may reduce workload
and increase efficiency, time-to-result is not shortened.
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ALTERNATIVE METHODS
Although plate counts are considered the reference method for enumeration of bacteria in
challenge studies, EC 2073/2005 states that FBOs may use alternative testing procedures
if they are validated according to internationally accepted protocols and authorised by a
competent authority, and that they can demonstrate to the satisfaction of the competent
authority that these procedures provide equivalent results (EC, 2005). According to the
revised working document of ISO 16140 (2009), an alternative method should ‘exhibit
attributes appropriate to the user needs’, such as speed of analysis, reduction of cost, ease
of use/automation or miniaturization. The upcoming sections will discuss some noninvasive enumeration methodologies with the potential to replace culture-based methods
for generating microbial growth kinetics data in foods.

Bacterial bioluminescence
Bioluminescence is the production and emission of light by living organisms as a result
of an enzymatic reaction catalysed by oxidative enzymes known as luciferases (Badr and
Tannous, 2011). To date, luminescent bacteria have been found within five main genera:
Photobacterium, Photorhabdus, Vibrio, Shewanella and Aliivibrio (Brodl et al., 2018).
Lux genes are arranged in a single operon, with the core sequence of luxCDABE. The
luxAB genes code for the enzyme luciferase, while proteins which make up the fatty acid
reductase complex for aldehyde synthesis are encoded by the luxCDE genes. The
luciferase enzyme catalyses the oxidation of reduced flavin mononucleotide (FMNH2)
and a long chain aliphatic aldehyde (RCHO) to produce flavin mononucleotide (FMN)
and a long chain fatty acid. Consequently, blue-green light is emitted which can be
measured at a wavelength of 490nm (Meighen, 1991) (Fig. 1.2A). The lux genes can be
isolated from luminescent bacteria, inserted into a plasmid vector (Fig. 1.2B) and
transformed into a normally non-luminescent bacteria, allowing the newly Lux-tagged
microorganism to emit light as visualised in Fig. 1.2C and Fig. 1.2D.
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Figure 1.2. (A) The lux operon and the bioluminescent reaction. The luciferase enzyme (encoded
by the luxAB genes) catalyses the oxidation of FMNH2 and a fatty acid reductase complex (RCHO, encoded by the luxCDE genes) to FMN, resulting in light emission at 490nm. Image
adapted from Lin and Meighen, (2009). (B) The lux genes arranged on a plasmid. (C) Non-lux
tagged L. innocua SLCC 6921 and its Lux-tagged derivative streaked onto BHI agar and viewed
using an IVIS 100 imaging system. (D) Growth of Lux-tagged L. innocua in BHI broth at 37°C
measured over 24h using an IVIS 100 imaging system.
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Similar to plate counts, bioluminescence allows estimation of only viable cells as light
emission is dependent on the metabolic activity of the bacteria. However, in contrast to
culture-based methods, inoculation of food matrices with Lux-tagged bacterial reporters
allows growth to be tracked in real-time and the method can be automated, allowing
repeated measurements to be recorded with minimal user input. Early studies introduced
only the luxA and luxB genes into the recipient bacteria meaning that the substrate had to
be added exogenously. Nowadays, the entire luxA-E cassette is more commonly cloned,
allowing production of the substrate along with the luciferase enzyme and a more efficient
reporter system. Reviewed by Morrissey et al. (2013), bioluminescence has been
employed in many food-based studies for enumeration of microorganisms, with a high
level of correlation observed between bioluminescence and plate counts (Flaherty et al.,
2013; Hudson et al., 1997; La Rosa et al., 2012; Morrissey et al., 2011; Park et al., 2018;
Siragusa et al., 1999). Riedel et al. (2007) observed that bioluminescence may provide
more accurate readings than plate counts. In their study, hot dog and camembert samples
were inoculated with L. monocytogenes EGDe pPL2luxPhelp (termed EGDelux) and
growth at 37°C was monitored using both viable plate counts (CFU) and bioluminescence
measurements (RLU). In hot dog homogenate, good a high degree of correlation was
observed between CFU and RLU values (R2 = 0.989) while in camembert, no significant
growth of L. monocytogenes EGDe was observed by CFU, however luminescence was
observed throughout the experiment with EGDelux. High standard errors were recorded
with plate counts and quantification of bioluminescence proved more reproducible than
plate counts in camembert homogenate. Bioluminescence also has the advantage of
specificity as measurements are not affected by background microbiota, as shown by
Morrissey et al. (2011) and Flaherty et al. (2013) whereby the growth of Lux-tagged
Cronobacter sakazakii (4 log10 CFU/ml) was monitored in powdered infant formula
without interference from equal numbers of competing bacteria such as Bacillus spp., L.
monocytogenes, S. Typhimurium and E. coli.
Due to its non-disruptive nature, bioluminescence can provide information regarding the
spatial distribution of the cells and help to identify potential contamination hotspots,
something which is not possible with traditional culture methods. Chen et al. (1996)
visualised the ability of a Lux-tagged strain of S. Enteritidis to penetrate through the shell
of an egg but not through the egg membrane, indicating that growth was limited to the
inner surface of the shell. In contrast, contamination was mostly associated with the egg
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yolk in liquid eggs. Similar results were observed in a study by Allen and Griffiths (2001)
which investigated eggshell colonisation by Campylobacter jejuni. Ramsaran et al.
(1998) investigated the survival of L. monocytogenes in soft cheese, with bioluminescent
images showing that more viable cells were present near the surface of the cheese than at
the inner samples. A similar scenario was observed by Maoz et al. (2002) where it was
found that the distribution of Lux-tagged Yersinia enterocolitica on Camembert cheese
surfaces stored at 10°C was quite irregular, with some areas being more highly colonised
than others. Siragusa et al. (1999) observed similar results when investigating the
adherence of bioluminescent E. coli to beef carcasses.
Studies have used bioluminescence to determine the effect of traditional preservative
methods such as organic acids, pH adjustment and temperature (Alhelfi et al., 2012;
Bautista et al., 1998; Huertas et al., 2015; Lewis et al., 2006; Nyhan et al., 2020; Park et
al., 2018) on bacterial growth in foods, however the method has also been used to explore
the potential of more novel compounds, such as antimicrobial peptides (AMPs). AMPs
are

ribosomally-synthesised

compounds

which

are

produced

by

all

living

microorganisms, the most studied of which is the lantibiotic nisin (Field et al., 2015a).
However, the activity of nisin may be reduced in a food matrix due to the presence of
limiting factors such as pH and high fat content. Thus, bioluminescence can rapidly
determine whether a food matrix has an effect on bacteriocin activity. Field et al. (2010)
investigated the effect of nisin A and two bioengineered derivatives, nisin V and nisin T,
on the growth of Lux-tagged L. monocytogenes in frankfurter meat. Homogenized
frankfurter samples were inoculated with F2365lux and after 1h incubation,
measurements showed that cell numbers of F2365lux increased in the presence of nisin
A or nisin T, while decreased bioluminescence was observed in the presence of nisin V,
demonstrating that the enhanced bioactivity of the peptide was retained in the food matrix.
Another study compared the effect of nisin A, nisin V and another bioengineered
derivative, nisin S29A, on the growth of both Gram-positive and Gram-negative bacteria
in media and food matrices. Although both the nisin V and S29A variants showed
enhanced bioactivity against a range of pathogens in agar and broth when compared to
the wild-type peptide, the same effect was not observed in food matrices (Morrissey et
al., 2013b). Often, the effect of a food matrix on bacteriocin activity is determined only
after the costly and time-consuming process of peptide purification. Recently, our group
has developed an assay whereby the activity of cell-free supernatants (CFS) obtained
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from nisin derivative producing strains of L. lactis against Lux-tagged L. innocua is
determined using bioluminescence measurements. In this way, potentially synergistic
combinations of bioengineered nisin derivatives can be selected, with the Lux-based CFS
assay acting as a screening tool for determining whether a nisin derivative has increased,
equivalent or decreased specific activity compared to the wild type strain prior to the
peptide purification process(Chapter V of this thesis).
Although bioluminescence has proved successful as an alternative to plate counts, the
method has some drawbacks when used in some challenge test scenarios. Firstly, as the
bioluminescence reaction requires oxygen the method would be unsuitable for challenge
testing bacteria under anaerobic conditions such as modified atmosphere packaging.
Secondly, extremely stressful experimental conditions may hinder light emission. For
example, Huertas et al. (2015) investigated the heat resistance of a Lux-tagged C.
sakazakii strain in reconstituted infant formula, finding that when reconstituted at 55°C,
light emission was not detected until cell numbers of approx. 108 CFU/ml were present.
In our lab, we recently investigated the use of Lux technology as an alternative to plate
counts for determining growth rates of Listeria in zucchini purée and béarnaise sauce,
testing various combinations of pH, water activity and organic acids (Nyhan et al., 2020).
Although growth rates were determined for most of the conditions using
bioluminescence, there were some limitations with the system. In stringent conditions
combining a low pH with reduced aw, light emission was inhibited even though the cells
grew to high numbers, similar to observations made by Huertas et al. (2015). This was
also observed by Kelana and Griffiths (2003), whereby low pH conditions resulted in no
light output from Lux-tagged C. jejuni, despite 4.2 to 4.8 log CFU/ml being detected by
plate counts. Finally, the luminescent properties of the chosen food matrices should be
considered. Food components such as antioxidants, colourings and vitamins are known
to be luminescent, which may contribute to background luminescence in foods (Corradini
and Ludescher, 2015). Boschi et al. (2011) investigated luminescence of essential oils,
reporting that all of the oils investigated emitted detectable luminescent signals, with
levels of luminescent emission increasing after exposure to sunlight. Similiarly, a study
by our lab found that two food products, zucchini purée and béarnaise sauce, emitted
background luminescence which decreased during incubation the dark (Nyhan et al.,
2020), suggesting the presence of a phosphorescent component which is charged by
visible light and subsequently decayed during dark incubation (Troy et al., 2004).
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Emission of background luminescence from foods is problematic, particularly in
microbial growth assays where it is difficult to distinguish luminescent signals emitted
by the lux-tagged microorganism to those emitted by the food. However, the problem can
be negated by use of appropriate controls such as subtraction of background signal
emitted by an inoculated food sample, or as previously discussed, dark incubation of
samples prior to measurement. In any case, it is essential that the luminescent properties
of the foods in question be investigated prior to using bioluminescence in challenge
studies.

Isothermal microcalorimetry
Isothermal microcalorimetry (IMC) is a method which enumerates bacteria by measuring
the heat generated during biological processes. When metabolically active, cells release
approx. 2 pW of heat (Higuera-Guisset et al., 2005) and with modern microcalorimeters
capable of detecting measurements of ~0.2 µW, a detectable signal is produced in the
presence of around 104-105 CFU/ml of microorganisms, similar to that of bacterial
bioluminescence, and significantly lower than that of impedance microbiology. Most
microcalorimeters operate on the basis of heat conduction, whereby the heat produced
during a reaction flows to a heat sink, which is maintained at a constant temperature
(Wadsö and Goldberg, 2001). To negate the effect of any internal thermal activities, twin
calorimeters may be used which compare heat flow from the test sample with heat flow
from a reference sample with similar heat capacity (Fig. 1.3A). Microcalorimetry
instruments generally show high accuracy over the range of their performance
temperatures (~1%), the likes of which cannot be achieved with conventional culture
methods (Braissant et al., 2010). IMC provides a continuous signal which is proportional
to heat release as a result of metabolic activity, and generates real-time data in the form
of thermograms (Fig. 1.3B), allowing fitting of data to growth models and determination
of growth kinetic parameters such as lag time and µmax. Mihhalevski et al. (2011)
calorimetrically determined growth rates of LAB in sourdough, allowing for growth
characterisation of each of the different strains during the fermentation process.
BioScreen C, a piece of equipment which allows turbidimetric measurements of opaque
or diluted samples, was also used to determine growth rates in MRS broth and flour
extract but was incompatiable with the sourdough mixture due to the dense nature of the
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homogenate. As IMC is not dependent on optical measurements, growth can be
determined on samples of any colour, highlighting the usefulness of the method in foodbased studies. Growth rates of mesophilic and psychotrophic bacteria in carrot juice were
determined by Alklint et al. (2005) using IMC and the results were used to predict shelflife of the product at both chilled temperature (8°C) and storage abuse (17°C).
Alternatively, IMC can be used to estimate the initial microbial load of a sample by
recording the time taken for a sample to reach a detection threshold (TTD) (Fig. 1.3C).
An early study by Gram and Sogaard (1985) demonstrated the use of IMC for estimation
of mesophilic and psychotrophic bacterial cell numbers in pork and beef homogenates,
with resulting detection times of 24-27h for cell concentrations of 103 CFU/ml and <24h
for 105 – 108 CFU/ml. The rapidity of IMC enumeration has improved over the years,
with 1-100 cells of E. coli providing a detectable signal in 5-17h in a study by Maskow
et al. (2012), and Garcia et al. (2017) reporting detection times of 4-10h for 3x103 – 4x106
CFU/ml of L. reuteri. However, as all microorganisms produce heat during metabolism,
IMC is unsuitable for studying the growth kinetics of a single target microorganism in
non-sterile food products due to the presence of background microbiota. This is
highlighted in the afore-mentioned studies, whereby researchers used IMC for
enumerating the total microbial cell count in foods (Alklint et al., 2005; Gram and
Sogaard, 1985) while the growth of a particular target microorganism could be assessed
only using bacterial suspensions (Garcia et al., 2017; Gram and Sogaard, 1985; Maskow
et al., 2012).
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Figure 1.3: (A) a calorimetric unit of an isothermal microcalorimeter. Image modified from
Afzal, Akhtar and Svensson (2010). (B) an example of a thermogram as a result of microbial
growth. (C) a correlation curve of TTD (h) and the bacterial concentration (CFU/ml) of a test
sample. (B) and (C) adapted from Fricke et al. (2019)

A limitation which is associated with several enumeration techniques is the difficulty in
measuring growth of anaerobic bacteria. With traditional culture-based methods, it is
challenging to maintain strict anaerobic conditions when trying to sample the food
product, while incubation of plates requires an anaerobic incubator or chamber. As
already mentioned, bioluminescence requires O2, deeming the method unsuitable for
measuring anaerobic growth. Miyake et al. (2016) performed calorimetric analysis of
obligate anaerobic bacteria and found that when using a multiplex isothermal calorimeter,
heat evolution of the bacterial cells could be measured while simultaneously maintaining
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an anaerobic environment, and that growth rates of obligate anaerobes could be measured
in the same was as aerobic bacteria. This study was carried out using liquid media only
and so further work is required to investigate the application in a food matrix, however
the method looks promising as a tool for enumeration of anaerobes in foods. If successful,
ICM would be an ideal method of choice for challenge studies in anaerobic settings e.g.
modified atmosphere packaging or vacuum packing.
Limited studies are available using IMC for bacterial enumeration directly in complex
food matrices without homogenisation, however Koga et al. (2004) used calorimetry to
evaluate the growth of E. coli and S. aureus on solid growth medium as a model food
system. Results showed that there was good agreement between the heat evolution curves
and changes in viable cell numbers on agar plates under the same conditions, indicating
that IMC is suitable for measurement of bacterial growth on solid medium. An interesting
aspect of this study is that the authors also looked at the effect of two preservatives, NaCl
and kumazasa extracts, on bacterial growth rates and observed that as the concentrations
of each antimicrobial compound increased, growth rates decreased. Prior to this,
Nunomura et al. (1986) observed the effect of water content on growth of Aspergillus
oryzae and B. cereus in skimmed milk powder using IMC. Results showed that as the
water content (and subsequently the aw) of the samples increased, so did the rate of heat
evolution, indicating an increased rate of bacterial growth. The fact that the effect of aw
and preservatives in these studies could clearly be discerned from the data highlights that
IMC can provide useful information regarding bacterial growth inhibition, deeming it an
ideal candidate as an alternative method for generating growth rates of microorganisms
in foods.

Impedance microbiology
Impedance microbiology is a rapid method which allows for quantification of
microorganisms in food. Reviewed by Yang and Bashir (2008), impedance can be defined
as the resistance to flow of an alternating current as it passes through a conducting
material. Metabolic processes which occur during microbial growth produce electrically
measurable changes, proportional to the concentration of viable cells present in a sample.
Impedance can be classed as direct or indirect. Direct impedance involves placing
electrodes directly in contact with the growth medium and measuring conductivity over
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time. Release of ionic metabolites from live cells results in a change in conductivity which
is directly correlated to bacterial growth. Ion release may be due to energy metabolism
whereby bacteria consume oxygen and sugars and produces organic acids and carbon
dioxide. The other source involves active transport of ions such as Na+ and K+ across ion
channels which are embedded in the cell membrane, resulting in a small level of ion
release from the cells (Owicki and Wallace Parce, 1992). With the indirect impedance
method, electrodes are placed in contact with a material capable of absorbing CO2
(normally a KOH solution) rather than in the microbial suspension. The KOH solution
absorbs the CO2 produced during bacterial metabolism, resulting in a decrease in
conductance of the solution. The principle of bacterial enumeration by impedance is
similar to that of IMC: as cells grow they produce a conductance change and once the
level of viable cells reaches the threshold of the instrument, normally 106 – 107 cells/ml,
a detectable signal is produced. Several commercial instruments are available to measure
impedance, including Bactometer (Bio Merieux, Germany), Malthus (Malthus
Instruments Ltd., UK) and Rapid Automated Bacterial Impedance Techniques (RABIT)
(Don Whitley Scientific Ltd., UK).
Impedance microbiology has long been used in the area of food microbiology, with many
of the early published studies focused on enumeration of bacteria in dairy products
(Firstenberg‐Eden et al., 1984; Gnan and Luedecke, 1982; Madden and Gilmour, 1995).
When compared to conventional culture methods, impedance offers major advantages
such as high-throughput screening of samples and rapid enumeration times. Priego et al.
(2011) compared the performance of the Bactometer system with traditional plating
methods for monitoring bacterial populations of lactic acid bacteria (LAB),
Enterobacteriaceae and coliforms in salchichón (a Spanish dry sausage) during its
ripening process. Bacterial numbers were quantified initially (fresh sausage), after 14
days (semi-ripened sausage) and after 28 days (fully ripened, finished product). Results
showed that the method saved a total of 19-21h in the case of Enterobacteriaceae, 7-20h
for coliforms and 32-46h for LAB. Studies have also reported a high level of correlation
between impedance measurements and plate counts (Dalgaard et al., 1996; Deak and
Beuchat, 1993; Fernández et al., 2017; Spreekens and Stekelenburg, 1986), highlighting
the potential of the method to replace conventional culture-based methods.
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Impedance microbiology is well-established as a valuable method for bacterial
enumeration of foods, however there are limited studies available which investigate the
use of the method in a challenge study scenario whereby the food may contain multiple
preservatives or be exposed to varying environmental conditions or processing
treatments. Koutsoumanis et al. (1998) utilised impedance to investigate the effect of the
antimicrobial oleuropein on S. Enteritidis as a function of pH and temperature, while
Adeyinka (2013) evaluated the effect of oregano and cranberry extracts on the growth of
S. Typhimurium using the R.A.B.I.T system, however both of these studies were
performed only in laboratory media. Pablos et al. (2016) used impediometry to study the
effect of UV-C radiation for inactivation of Salmonella spp. in raw pork samples. Results
showed that there was good agreement between bacterial counts and impedance
measurements, with impedance showing a higher level of sensitivity. Along with this,
impedance measurements were found to be more reproducible than plate counts and were
able to quantify even sub-lethally damaged bacteria, an attribute which is essential when
choosing an enumeration method for challenge studies (Pablos et al., 2016).
All of the afore-mentioned studies were carried out using food homogenates or dilutions
of food suspensions, however Johnson et al. (2014) were the first to use indirect
impedance to measure growth rates in real food matrices and assess the suitability of the
data for use in PM. Complex matrices including carrot purée, bechamel sauce and baby
food were inoculated with several foodborne pathogens such as L. monocytogenes, S.
enteriditis and E. coli. Using indirect impedance, 80% of inoculated foods gave a
detectable response and a good correlation was observed between inoculation levels and
time to detection, demonstrating the ability of impedance microbiology to measure the
growth of different microorganisms in real food matrices.

However, some of the

conditions failed to produce a detectable response and there was some variability
observed in growth rate estimations for half of the strains tested. Following on from this
study, Nyhan et al. (2020) investigated the use of the impedance method for determining
growth rates of L. innocua in complex food matrices in which the pH, aw and organic acid
content had been adjusted. Growth rates were determined for several of the conditions
and like the previous study, inoculum levels correlated well with detection times.
However, it was once again observed that the R.A.B.I.T. system was unable to detect
growth in several conditions, while growth was detected using plate counts. These studies
raise the question as to whether indirect impedance is suitable for use in challenge testing
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where the experimental conditions are particularly stressful, resulting in the
microorganism being unable to reach high cell numbers. The detection criterion chosen
may play a role in the efficiency of impediometry to detect bacterial growth. For example,
Johnson et al. (2014) and Nyhan et al. (2020) chose a detection criterion based on three
successive conductance changes of -11µs, which corresponded to cell numbers of approx.
108 cells/g. As growth was detected for many conditions using plate counts, it is possible
that the strains were growing but could not reach cell numbers high enough to trigger the
detection criterion, resulting in no growth detected (ND). Different studies have used
varying detection thresholds, ranging from -5µs (Adeyinka, 2013) up to -20µs (Sherry et
al., 2006), and while it should be considered that a lower threshold may result in a greater
level of detection, it is important that the threshold level chosen is sufficiently above
background to avoid over-estimation of growth.

O2/CO2 sensing methods
Oxygen respirometry
Measurement of O2 consumption and CO2 emission during bacterial respiration can be
useful indicator of cell proliferation. Oxygen respirometry is a method whereby the
growth kinetics of microorganisms can be determined by addition of a fluorescence-based
oxygen sensing probe to the test sample in multi-well plates and non-invasive
measurement of the fluorescent signal over time using a plate reader. Initially, the probe
is quenched by the dissolved oxygen in a sample but as O2 is depleted due to bacterial
growth, an increase of fluorescence is observed, producing a sigmoidal curve and giving
an indirect measurement of cell numbers (Papkovsky et al., 2006). Hempel et al. (2011)
applied the methodology to determine bacterial counts in five different types of raw and
frozen fish, finding that there was good correlation with standard plate counts, and that
the method was robust when challenged with deliberate errors in pipetting volume and
probe concentration. Other advantages of the assay such as rapid enumeration of highly
contaminated samples (2-12h), savings on labour and space, and the simple setup
(fluorescent probe, fluorescent plate reader and standard 96 well plates) were also
highlighted. A study by Jasionek et al. (2013) reported that respirometric assays were
capable of providing sensitivity from a single cell up to 107 CFU/ml and even low
concentrations of 10 CFU/ml were detected in under 24h. O’Mahony and Papkovsky
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(2006) investigated the assay for enumeration of food samples (ham, minced meat and
chicken) spiked with E. coli, Micrococcus luteus and P. fluorescens and monitoring the
effect of toxic substances on microbial behaviour. The authors observed that the effect of
antimycin A, penicillin, and streptomycin on the growth of the test microorganisms could
clearly be discerned from the respirometric profiles, and that the respirometric assay could
detect cells which were unable to grow on culture media but remained metabolically
active, while the comparative turbidimetric assay showed absence of any cell growth.
Sensitivity of the assay was ~10 cells/ml. O’Riordan et al. (2000) found that addition of
sodium azide to Schizosaccharomyces pombe instantly inhibited respiration activity of
yeast cells, demonstrated by marked differences in the respiration profiles between treated
and non-treated cells. Similiarly, Simões et al. (2005) established that oxygen
respirometry could be used as a rapid method to assess biocide efficacy against P.
fluorescens, while Stitt et al. (2002) used the method to investigate the effect of
temperature on the growth kinetics of E. coli and P. aeruginosa. Despite those studies
being performed in culture broth, it is clear that oxygen respirometry can effectively
assess the impact of toxic compounds or extrinsic environmental conditions on bacterial
growth, highlighting its potential and usefulness for high throughput screening of samples
in challenge studies.

Tunable diode laser absorption spectroscopy (TDLAS)
TDLAS is an imaging technique which non-invasively measures the levels of O2 and CO2
in the headspaces of filled, closed containers. As the bacterial cells grow, changes in the
concentration of these gases will be detected by the TDLAS equipment, giving an indirect
measurement of microbial growth (Brueckner et al., 2016). Measurements can be made
through a range of containers, including bags, bottles and cups and different materials.
TDLAS has been used in the food industry for several functions such as detecting O2
content in mozzarella cheese bags (Cocola et al., 2016), measuring water vapour during
dough fermentation (Li et al., 2017) and monitoring CO2 during transport refrigeration of
agricultural products (Zhang et al., 2019), however use of the method for measurement
of microbial growth remains largely uninvestigated with only few publications available
in the literature. One such study is by Brueckner et al. (2016) who compared IMC,
TDLASO2 and TDLASCO2 for measurement of microbial growth of B. subtilis and
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Streptococcus salivarius in media. Cells were inoculated at an initial concentration of <10
CFU and generated data was fitted to the Gompertz growth model for determination of
growth rates. As some false negative results were recorded using TDLASO2, it was found
to be less sensitive than IMC or TDLASCO2, however results from all three methods were
robust and showed good reproducibility. Growth of the two microorganisms were
detected in approx. 2-3 days using each of the methods. The authors then carried out a
similar study, again investigating TDLAS for monitoring bacterial growth in media fill
vials but with four different vial formats, 34 different test microorganisms (<10 CFU
inoculation) and two different media (TSB/FTM). All microorganisms were reliably
detected in <11 days and results were reproducible. Although the TTD values may seem
quite long in comparison to the detection times of some of the previously discussed
enumeration methodologies, it should be noted that this study was carried out on the basis
of using TDLAS as an alternative to visual inspection of media fills in the pharmaceutical
industry, a process which normally takes 14 days, therefore an improvement in detection
time compared to the traditional method was achieved. However, for this method to be
considered for use in challenge studies, much faster detection times would be required.
The authors addressed this point in their study, stating that TTD values could be reduced
by increasing fill levels and reducing headspace volumes (Brueckner et al., 2017).
Detection times would also be shortened if an increased initial inoculum level was used,
making the method more applicable to a challenge study setting whereby the food may
initially be inoculated in the range of 102 – 104 CFU/g in order to monitor growth and
survival.
Shao et al. (2016) coupled wavelength-modulation spectroscopy (WMS) with TDLAS
for monitoring bacterial growth of S. aureus and Candida albicans in media. Growth rates
of S. aureus were successfully determined at 25°C, 32°C, 37°C and 42°C and results
showed that growth of the strain was strongly temperature dependent and that the lag
phase decreased as temperature increased (up to 37°C). To our knowledge, the only
publication currently in the literature describing TDLAS for monitoring microbial growth
in food is by Danilović et al. (2018). The authors used the method to monitor CO2
concentration in the headspace of yoghurts contaminated with 1- 5 CFU/cm3 of Candida
kefyr. An increase in the yeast concentration was observed after 10h and the final value
of 6-7 log10 CFU/cm3 was observed after 40h, with results indicating that a CO2 content
above 6% indicated microbial spoilage. Although this study was focused on % CO2 rather
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than yeast cell enumeration, it indicates that TDLAS can work successfully in a food
product. Also, it is interesting to note that the function of the TDLAS was not hindered
in the low pH environment of yoghurt (3.8 - 4.5). This, along with the ability of the system
to effectively describe the impact of temperature on strain behaviour as shown by Shao
et al. (2016), suggests TDLAS may be a promising tool for determining growth kinetics
data in challenge studies. Further work should investigate if TDLAS has the capability to
measure growth in harsher environments or multi-hurdle conditions and in different food
products.
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Table 1.2. A summary of the benefits and limitations of culture-based methods and alternative enumeration methods for use in challenge testing
Benefits

Limitations

Culture-based methods

•
•
•
•

High level of sensitivity
Inexpensive
Specificity achieved through use of selective media
Suitable for determining growth potential

•
•
•
•
•

Long incubation periods (2-7 days)
Labour intensive
High variability and uncertainty
Little automation potential
Cannot detect VBNC cells

Bacterial
bioluminescence

•
•
•
•
•

Automated, real-time measurements
Specificity not affected by background microbiota
Provides information on spatial distribution of microorganisms
High reproducibility
Can measure growth in complex matrices

•
•
•
•

Detection threshold of 104 – 105 CFU
Requires molecular cloning of strains
Requires purchase of expensive imaging equipment
Light emission may be reduced or quenched in
stressful environmental conditions
Cannot be used under anaerobic conditions

•
Impedance
microbiology

Isothermal
microcalorimetry

•
•
•
•

•
•
•
•
•

Automated, real-time measurements
Faster time to result than culture-based methods
Can measure growth in complex matrices
High throughput analysis can be achieved with operation of
multiple modules

•
•
•

Automated, real time measurements
Faster time to result than conventional methods
Allows enumeration under anaerobic conditions
Lower detection threshold than impedance (104 – 105 CFU/ml)
Possibility for use in solid food matrices

•
•
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•

•

High detection threshold (106 – 107 CFU)
Specificity affected by background microbiota
May not be suitable for measuring growth under
stressful environmental conditions
Requires purchase of impedance equipment
Specificity affected by background microbiota
Specificity may be affected by release of heat as a
result of cell processes other than growth
Requires purchase of calorimetry equipment

TDLAS

•
•
•
•

Real-time measurements of gas content
High reproducibility
High sensitivity (detection of <10 cells)
Can measure through various containers and different materials
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•
•
•
•
•

Requires manual loading of samples by user
Low throughput
Application in food products largely uninvestigated
Specificity affected by background microbiota
Requires purchase of TDLAS equipment

Conclusion
In conclusion, both traditional culture-based methods and the alternative techniques
reviewed here offer both benefits and limitations for measuring microbial growth
parameters in foods. (Table 1.2). It is recognised that plate counts remain the method of
choice in labs globally due to their sensitivity and simplicity, particularly in applications
involving enumeration of low levels of microbes. However, for the purpose of generating
growth kinetics data for use in predictive microbiology, alternative methods are desirable.
Advances have been made in the area of alternative methodologies and of particular
importance, non-invasive methods. These techniques allow monitoring of bacterial
growth in real-time with minimal user input, providing rapid results. As the level of
interaction between the food sample and the analyst is reduced, and steps such as diluting
and plating at each measurement point are eliminated, results are often more reproducible
with less variability. No quantification method is perfect, therefore the advantages and
disadvantages of each must be considered in the context of what the study requires.
Selection of an alternative method for use in challenge studies will ultimately depend on
the experimental conditions and the ability of the method to fulfil the required selection
criteria for the challenge test, whether that be sensitivity, rapid results, reduction in labour
etc. Use of alternative methods by the FBO is acceptable so long as they are performed
according to the ISO 16140:2003 standard, which defines the principle and protocol for
validation of an alternative method in the microbiological analysis of food.
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Abstract
Microbial growth kinetics data quantifying the efficacy of multiple preservative factors
or hurdles can be used in the area of predictive microbiology for the development of
predictive models. In the past, model development and validation were performed using
data generated in laboratory media, however such models were then deemed inaccurate
for application in real food matrices. The aim of this study was to develop a model to
predict growth of Listeria in complex food matrices as a function of pH, water activity
and undissociated acetic and propionic acid concentration i.e. common food hurdles.
Experimental growth curves of Listeria in food products and broth media were collected
from ComBase, the literature and industry sources from which a bespoke secondary
gamma model was constructed. Model performance was evaluated by comparing
predictions to measured growth rates in growth media (BHI broth) and two adjusted food
matrices (zucchini purée and béarnaise sauce). In general, observed growth rates were
higher in broth than in the food matrices which resulted in the model over-estimating
growth in the adjusted food matrices. Additionally, model outputs were more accurate for
conditions without acids, indicating that the organic acid component of the model was a
source of inaccuracy. In summary, a new predictive growth model for innovating or
renovating food products that rely on multi-hurdle technology was created. This study is
the first to report on modelling of propionic acid as an inhibitor of Listeria in combination
with other hurdles. Our findings provide valuable insights into predictive model design
and performance and highlight the importance of experimental validation of models in
real food matrices rather than laboratory media alone.
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Introduction
The microbial safety and stability of food is dependent on a number of controlled factors,
such as addition of acids or salts, storage conditions and manufacturing processes
(Hamad, 2012). L. monocytogenes is a foodborne pathogen which can cause listeriosis,
especially among pregnant women, the elderly and immunocompromised individuals.
The case-fatality rate is approx. 20%, while pregnancy-associated cases may result in
fetal loss (20%) or death of the new-born (3%) (Centers for Disease Control and
Prevention (CDC), 2016). In Europe, 2,549 human cases of listeriosis were confirmed
across 28 Member States in 2018 and a case-fatality rate of 15,6% reported, an increase
from 13.6% in 2017 (EFSA, 2019). L. monocytogenes is a significant challenge in food
production, particularly for ready-to-eat (RTE) products which do not undergo further
treatment prior to consumption (Buchanan et al., 2017). Incidence of listeriosis can be
reduced by safer production of RTE foods through implementation of effective food
safety control measures.
The hurdle effect was first introduced by Leistner (1978) and the concept of “hurdle
technology” is based on the preservation of minimally processed food products by
application of multiple preservative factors, or hurdles (Leistner and Gorris, 1995).
Predictive microbiology (PM) is a key aspect of food safety and spoilage, integrating
traditional microbiology, mathematical models, statistics and information systems to
estimate the behaviour of microorganisms under certain hurdle combinations (Fakruddin
et al., 2011). Quantification of the efficacy of combinations of preservative factors can be
difficult and differing opinions exist in the literature. One view is that interactions exist
between factors and that application of combined hurdles produces a synergistic effect
which results in greater level of protection (Leistner, 1978), an interpretation which has
been proposed by several studies (Augustin and Carlier, 2000b; Le Marc et al., 2002).
Alternatively, the gamma hypothesis states that environmental factors combine in a
multiplicative manner, thus precluding synergy (Zwietering et al., 1992).
Mathematical models have been developed for predicting the growth of foodborne
pathogens in complex food matrices. Early versions of these models were developed
using only growth data from microbiological media. Subsequently, many of these models
have been determined to be inaccurate for application in foods, particularly under
dynamic conditions such as changing temperatures that are encountered during food
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processing (Koutsoumanis et al., 2006). It has been shown that freely suspended cells in
liquid broth often show different susceptibility to environmental hurdles than those in
solid matrices (Lobete et al., 2015). Thus, development of predictive growth models
should incorporate data from real food matrices and not just broth media alone. In this
study, we followed the approach of Pujol et al. (2012), whereby use of a gamma-type
model allows comparison of various combinations of hurdles and derivation of
preservative effect equivalences, or “iso-hurdle rules”. Disparate datasets were used to
determine “equivalent” inhibitory effects which were not initially studied together, thus
limiting the amount of experimental data required. We furthered the methodology of
Pujol et al. (2012) by validation of our model in real food matrices, rather than broth
media alone.
Application of weak organic acids is a commonly used food preservation method, due to
their inhibitory effects on bacteria (Mani-López et al., 2012; Ullah et al., 2012). As many
organic acids have been approved for use in foods (EC 1333/2008), predictive growth
models have been expanded or developed to describe the effect of these acids on Listeria
growth, most commonly acetic, sorbic, citric and lactic acid (Dussault et al., 2016;
Janssen et al., 2008; Mejlholm et al., 2015; Mejlholm and Dalgaard, 2015). Propionic
acid is a commonly used organic acid, known for its anti-fungal and anti-bacterial
activities and efficacy as a food preservative (Eklund, 1985).

Models have been

developed which describe the inhibitory effect of propionic acid on Listeria growth,
however none of these models have been developed using data from, or validated in real
food matrices (Coroller et al., 2005; Le Marc et al., 2002). Therefore, this study is the
first to report on modelling of propionic acid as a Listeria inhibitor in foods in
combination with other hurdles.
The objective of this study was to develop and validate a bespoke model to predict the
combinatorial effects of pH, water activity and undissociated acetic and propionic acid
on Listeria growth for RTE products. Growth rate predictions from the model, provided
both with and without an interaction factor, were compared to measured growth rates of
a cocktail of Listeria strains in culture medium and food matrices, zucchini purée and
béarnaise sauce. These food matrices represent a range of typically complex RTE
products and are available commercially sterile, allowing determination of pathogen
growth without the interference of background microbiota . Growth rates were calculated
using DMFit, an application for fitting of bacterial curves provided by ComBase, a widely
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used online tool for quantitative food microbiology which focuses on describing and
predicting the survival and growth of microorganisms under varying environmental
conditions. ComBase Browser allows the user to search thousands of microbial growth
and survival curves, while ComBase Predictor is a software tool which provides
predictions of microbial behavior under certain conditions. Calculated growth rates were
also compared to predictions from ComBase Predictor. The model performance was
evaluated using the prediction bias (Bf) and accuracy (Af) factors, percent discrepancy
(%D) and percent bias (%B).

Materials and methods
Test microorganisms
L. innocua LMG 13568t was obtained from the DPC culture collection (Teagasc Food
Research Centre, Moorepark, Cork, Ireland), while four strains of L. monocytogenes
(LO28, F2365, 10403S & EGDe) were obtained from the UCC Culture Collection
(University College Cork, Ireland). Stocks of all strains were maintained at -20°C and 80°C in cryovials in a final concentration of 40% glycerol. Bacteria were resuscitated in
tubes containing 10ml of Brain Heart Infusion (BHI) broth (LabM, Lancashire, UK) by
incubation at 37°C for 24h, followed by streaking on BHI agar (LabM, Lancashire, UK)
and incubation of plates under the same conditions. Strains were stored on BHI agar at
4°C for short-term storage. Stationary-phase cell suspensions of each Listeria strain were
obtained by inoculating 10ml of BHI broth with a single isolated colony from the stock
BHI agar plates and incubating at 37°C overnight.

Preparation of test matrices
The required amount of BHI broth powder was weighed and dissolved in an appropriate
amount of deionised water. Following this, the broth was adjusted according to
experimental design. Water activity was measured using an AQUALAB 4TEV water
activity meter (METER Group, Munich Germany) and adjusted using sodium chloride
(Merck, Darmstadt, Germany). pH was measured using a pH meter (Mettler Toledo,
Ohio, USA) and adjusted accordingly using 1M hydrochloric acid and 1M sodium
hydroxide (Merck, Darmstadt, Germany). Acetic and propionic acid were prepared as
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buffer solutions to maintain pH after addition to test media. Buffer solutions were
prepared with pure acetic acid (Merck, Darmstadt, Germany) and propionic acid (Acros
Organics, Geel, Belgium) and the salt of the corresponding carboxylate (sodium acetate
(Fluka, Seelze, Germany) and sodium propionate (Alfa Aesar, Lancashire, UK). The
volume of total acid required to reach a desired concentration of undissociated acid was
calculated using the Henderson-Hasselbach equation. Following adjustment, the BHI
broth was filter sterilised using a sterile membrane with a pore diameter of 0.22µm
(Sarstedt, Nümbrecht, Germany) The food matrices used were provided as aseptic,
commercially sterile recipes (Nestlé, see Table 2.1). Sterility was confirmed prior to
adjustment. 1g of each food sample was diluted in 9ml of ¼ strength Ringers’ solution
(LabM, Lancashire, UK). After vortexing thoroughly, 100µl aliquots were spread-plated
on BHI agar. Following incubation at 30°C for 48h, the plates were inspected for signs of
product contamination. This procedure was repeated each time a new product container
was opened and used. Following confirmation of sterility, the products were adjusted as
previously described.

Table 2.1. Test matrices.
Product
Brain Heart
Infusion broth
(LabM)
Béarnaise sauce
(Nestlé)

Zucchini purée
(Nestlé)

List of Ingredients
Brain-Heart Infusion Solids (Porcine), tryptose, glucose,
sodium chloride, disodium hydrogen phosphate
Water, sunflower oil, melted butter (10%), egg yolk,
modified starch, sugar, tarragon (1.5%), ionized salt, vinegar,
concentrated lemon juice, yeast extract, aromas, xanthan
gum, onion powder, white pepper, spice extract, traces of
celery and mustard
Vegetables (zucchini 23%, carrots, onion, potato, spinach),
water, cooked rice (9%), turkey meat (9%), starch, rapeseed
oil, mushroom, salt (0.35g/100g), sunflower oil, natural
flavour, thyme. Contains gluten
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pH

aw

7.4

0.99

4.7

0.983

5.6

0.995

Measurement of microbial growth by plate counts in laboratory media and food
matrices
Starting innocula were prepared using 1ml of overnight culture of each strain that was
centrifuged at 5000 x g for 5 minutes and cell pellets were washed with and resuspended
in ¼ strength Ringers’ solution. The washed cells were combined in equal amounts to
produce a multistrain cocktail with a final concentration of approx. 1 x 109 CFU/ml. The
cocktail was thoroughly mixed by vortexing and diluted as necessary to a concentration
of approx. 105 – 106 CFU/ml. 100µl and 200µl of the cocktail was then inoculated into
9.9ml and 19.8g of BHI broth and food matrices, respectively. Following inoculation, the
samples were mixed thoroughly and enumerated immediately to provide a T=0 reading.
At each time point, 100µl and 1g aliquots of broth and food samples, respectively, were
serially diluted in ¼ strength Ringers’ solution. For initial readings, 100µl of each dilution
was spread plated onto BHI agar for enumeration. As bacterial levels increased, 10µl of
each dilution were spotted on BHI agar plates. Colonies were counted manually after
incubation (48h at 30°C). For conditions in which growth was not observed, sampling
and enumeration was carried out for a maximum of 14 days. Growth rates were calculated
using DMFit version 3.5 provided by ComBase. All experiments were carried out using
three biological replicates.

Model development
A dataset of Listeria growth curves in both broth media and food products was
constructed primarily by extraction from Combase and the literature. In order for datasets
to be included in development of the model, they had to satisfy certain quality criteria as
outlined by Pujol et al. (2012). These criteria were defined by experts in microbiology
and are as follows:
(1) Low variation within given experimental conditions (as maximum specific growth
rate values are often reported to be less than 2 h-1, higher values are considered
rare, therefore only values < 3 h-1 were included).
(2) No complicating extra factors (modified atmosphere, antimicrobial substances,
presence of other microorganisms in addition to L. monocytogenes).
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(3) All primary parameter estimates are known i.e. µmax (maximum specific growth
rate), 𝜆 (lag time), N0 (initial number of cells) and Nmax (maximum number of
cells).
(4) Clear interpretability of growth curves (as microbiological error is commonly
associated to be 0.5 log10 CFU/ml, it was decided that only datasets with a
difference of > 2 log10 CFU/ml between initial and final cell numbers be included
to ensure only data with more than twice the standard microbiological error were
included).
(5) Contain an acceptable amount of data points which are sufficiently informative
(datasets were excluded if they contained very few data points or did not provide
enough information e.g. only one data point in lag phase, one data point in
exponential phase).
The environmental factors were temperature (-10 to 45°C), pH (4.0 to 7.5) and water
activity (0.90 to 1). Any datasets which were within these ranges and met the above
criteria were included. These datasets were then analysed, allowing for estimation of
cardinal values and optimal growth rate (µopt) used in the secondary gamma model.

Primary model
The Growth rate and lag time of Listeria were calculated based on the Baranyi model (Eq.
1) (Baranyi and Roberts, 1994):
−1+𝑒 𝜇𝑚𝑎𝑥 ·𝜆 +𝑒 𝜇𝑚𝑎𝑥 ·𝑡

𝑙𝑜𝑔10 𝑁(𝑡) = 𝑙𝑜𝑔10 𝑁𝑚𝑎𝑥 + 𝑙𝑜𝑔10 (𝑒 𝜇𝑚𝑎𝑥 ·𝑡−1+𝑒 𝜇𝑚𝑎𝑥 ·𝜆 ×10𝑙𝑜𝑔10𝑁𝑚𝑎𝑥 −𝑙𝑜𝑔10 𝑁0 )

(1)

Where log10N(t) is the log of the cell concentration at time t [h] (CFU/ml), log10N0 is the
log of the initial number of microorganisms (CFU/mL), log10Nmax is the log of the
maximum number of cells (CFU/mL), µ𝑚𝑎𝑥 is the maximum specific growth rate within
the conditions of the experiments (h-1) and 𝜆 is the lag time (h).
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Secondary gamma model
The gamma model was used to estimate the influence of environment conditions on
microbial growth. The gamma parameter is calculated for each factor. Gamma factor has
a range between 0 and 1. A value of 0 indicates that the microorganism in that condition
cannot grow, while 1 indicates optimal growth conditions (Zwietering et al., 1992). The
specific growth rate is related to temperature, pH, water activity and organic acids as
follows (Augustin and Carlier, 2000a):
𝜇𝑚𝑎𝑥 = 𝜇𝑜𝑝𝑡 . 𝛾𝑇 (𝑇). 𝛾𝑝𝐻 (𝑝𝐻). 𝛾𝑎𝑤 (𝑎𝑤). ∏𝑖 𝛾𝐴𝐻 𝑖 ([𝐴𝐻𝑖 ])

(2)

Where 𝜇𝑚𝑎𝑥 is the maximum specific growth rate at specific environmental conditions
and 𝜇𝑜𝑝𝑡 is the maximum specific growth rate obtained at optimum environmental
conditions for growth.
The effect of temperature and pH on µmax is described by the cardinal models of Rosso et
al. (1995) (equations 3 and 4), while a cardinal model of Le Marc (2001) is used to
describe the effect of aw (equation 5):
0

𝑇 ≤ 𝑇𝑚𝑖𝑛
(𝑇−𝑇𝑚𝑎𝑥 ).(𝑇−𝑇min )𝑛

𝛾(𝑇) = {(𝑇

𝑜𝑝𝑡 −𝑇𝑚𝑖𝑛 )[(𝑇𝑜𝑝𝑡 −𝑇𝑚𝑖𝑛 ).(𝑇−𝑇𝑜𝑝𝑡 )−(𝑇𝑜𝑝𝑡 −𝑇𝑚𝑎𝑥 )]

0

𝑇𝑚𝑖𝑛 < 𝑇 < 𝑇𝑚𝑎𝑥
𝑇 ≥ 𝑇𝑚𝑎𝑥

0

𝑝𝐻 ≤ 𝑝𝐻𝑚𝑖𝑛
(𝑝𝐻−𝑝𝐻min ).(𝑝𝐻−𝑝𝐻𝑚𝑎𝑥 )

𝛾(𝑝𝐻) = {(𝑝𝐻−𝑝𝐻

𝑛
𝑚𝑖𝑛 ).(𝑝𝐻−𝑝𝐻𝑚𝑎𝑥 )−(𝑝𝐻−𝑝𝐻𝑜𝑝𝑡 )

𝑝𝐻𝑚𝑖𝑛 < 𝑝𝐻 < 𝑝𝐻𝑚𝑎𝑥

0

𝑝𝐻 ≥ 𝑝𝐻𝑚𝑎𝑥

0

𝑎𝑤 ˂ 𝑎𝑤 min

𝛾(𝑎𝑤 ) = {

(3)

(𝑎𝑤 −𝑎𝑤 𝑚𝑖𝑛 )∗(𝑎𝑤 −1)

𝑎𝑤 min ˂ 𝑎𝑤

(𝑎𝑤 −𝑎𝑤 𝑚𝑖𝑛 )∗(𝑎𝑤 −1)−(𝑎𝑤 − 𝑎𝑤 𝑜𝑝𝑡 )2

(4)

(5)

The cardinal model of Augustin and Carlier (2000a) is used to define the minimum
inhibitory concentration (MICs) of organic acids from the datasets and then to predict the
gamma factor:
[𝐴𝐻] α

𝛾(𝐴𝐻) = { 1 − ( 𝑀𝐼𝐶 )

𝐴𝐻 < 𝑀𝐼𝐶

0

𝐴𝐻 ≥ 𝑀𝐼𝐶

(6)

Where [𝐴𝐻] is the concentration of the undissociated organic acid (mM), MIC the
minimal inhibitory concentration of undissociated acid for the growth of Listeria and 𝛼 a
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shape parameter (Zuliani et al., 2007). The values of MIC and 𝛼 are shown in Table 2.2
(Wemmenhove et al. 2016).

Table 2.2: Minimal inhibitory concentrations and alpha parameters of undissociated organic
acids for L. monocytogenes

α
MIC value
Literature

Acetic acid
0.51
19 mM1

Propionic Acid
11
11 mM1

20.3 mM [17.8 - 22.8]2

8.8 [7.6 – 9.9]2

Values in square brackets are the limits of the 95% Confidence Interval (CI)
1

Wemmenhove et al., 2016

2

Le Marc et al., 2002

Estimation of cardinal parameters
Analysis of the Listeria growth curves collected from ComBase, the literature and
industry sources allowed for estimation of cardinal values and µopt used in the secondary
gamma model. Both sequential and simultaneous fitting procedures were used to obtain
the cardinal parameter values. With the sequential method, the effect of each gamma term
is estimated successively, using the associated subset of data. For example, to estimate
Tmin, datasets with only T varying are used. For estimation of awmin, datasets with T and
aw varying are used, and so on until all parameters are estimated. With the simultaneous
method, all values are estimated simultaneously, using the complete dataset.
Model parameters and the confidence intervals and regions between parameters were
fitted and calculated using R software (Comprehensive R Archive Network), used to
perform modelling and goodness fit. The ‘nls’ function of R software was used for
conducting nonlinear regression. Another package of R software, “nlstools”, was used to
calculate the confidence intervals of the estimated cardinal parameters as described by
Delignette-Muller and Baty (2013).
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Model with interaction
The model described by equation 2 assumes that the cardinal parameters are not a function
of the other parameters, thus cardinal parameters were estimated by fitting of the model
without interaction. Le Marc et al. (2002) proposed a model that considers the interaction
between environmental conditions
𝜇𝑚𝑎𝑥 = 𝜇𝑜𝑝𝑡 . 𝛾𝑇 (𝑇). 𝛾𝑝𝐻 (𝑝𝐻). 𝛾𝑎𝑤 (𝑎𝑤 ). ∏𝑖 𝛾𝐴𝐻 𝑖 ([𝐴𝐻𝑖 ]) . 𝜉(𝑇, 𝑝𝐻, 𝑎𝑤 , 𝐴𝐻)

(7)

Where 𝜉 is the quantitative effect of these interactions on 𝜇𝑚𝑎𝑥 . 𝜉 has a range from 0 to
1, where 1 means that interaction has no influence and 0 is where interactions cause no
growth. It is calculated by:
1
𝜉 = {2(1 − 𝜓)
0

𝜓 ≤ 0.5
0.5 < 𝜓 < 1
𝜓≥1

(8)

With 𝜓 defined as follows:
𝜓 = ∑𝑖 2 ∏

𝜑(𝑖)

(9)

𝑗≠𝑖[1−𝜑(𝑗)]

Where 𝑖, 𝑗 represent different environmental factors (𝑖 ≠ 𝑗), φ is the contribution of the
factor to the interaction. The expression of φ is assumed to be (Le Marc, 2001; Le Marc
et al., 2002):
2

𝜑(𝑇) = (1 − √𝛾𝑇 (𝑇))

(10)
2

𝜑(𝑝𝐻) = (1 − 𝛾𝑝𝐻 (𝑝𝐻))

(11)

3

𝜑(𝑎𝑤 ) = (1 − 𝛾𝑎𝑤 (𝑎𝑤 ))

(12)

𝜑(𝐴𝐻) = (1 − 𝛾𝐴𝐻 ([𝐴𝐻]))2

(13)

If there are two organic acids:
(𝐴𝐻) = (1 − 𝛾𝐴𝐻 ([𝐴𝐻]1 ) × 𝛾𝐴𝐻 ([𝐴𝐻]2 ))2

(14)

Growth rate was predicted ‘with’ and ‘without’ an interaction factor and compared to
experimentally determined growth rates.
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Model validation
For validation of the model, a total of 36 experimental conditions were tested in three
different test matrices (BHI broth, zucchini purée and béarnaise sauce). These conditions
tested various combinations of pH (4.7, 5.0, 5.3), water activity (0.93, 0.96, 0.98) and
undissociated acetic and propionic acid concentrations (0, 1, 2mM). As the temperature
component of the model was not the focus of this study, all experiments were carried out
at 30°C. BHI broth was inoculated with 103 CFU/ml, while both zucchini purée and
béarnaise sauce were inoculated with 104 CFU/ml of Listeria.

Evaluation of model performance
To evaluate the performance of the model, predicted growth rates were compared to
experimentally obtained values using the bias factor, accuracy factor (Ross, 1996) and
percent discrepancy and percent bias (Baranyi et al., 1999) .
The bias factor (𝐵𝑓 ) can be written as follows:
µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
log ∑(
)
µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(

𝑛

)

𝐵𝑓 = 10

(15)

Where µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 is the growth rate that was experimentally observed with experiment
test number 𝑖, µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is the model predicted value, and 𝑛 is the number of
observations. The bias factor describes the agreement between the predicted and the
observed data. Bf<1 means that the model is “fail-dangerous”, while Bf >1 is “fail-safe”.
The accuracy factor (Af) describes the spread of the observed values around the
predictions:
µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
log ∑|
|
µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(

𝑛

)

𝐴𝑓 = 10

(16)

If both bias factor and accuracy factor equal to 1, it corresponds to a perfect fit between
predicted and observed values.
The percentage discrepancy (%D) and percentage bias (%B) were calculated as follows:
%D = (Af – 1) · 100%

(17)
47

%B = sgn (ln Bf) · (exp|ln Bf | - 1) ·100%

(18)

sgn (ln Bf) is equal to 1, 0 or -1, when ln Bf is positive, zero or negative, respectively. If
%B is positive, then the model generally predicts higher values than actual experimental
results. Conversely, if %B is negative, the model generally underestimates growth. The
higher the value, the higher the degree of under- or over-estimation of growth by the
model.
In addition to these indices of performance, the acceptable prediction zone described by
Oscar (2005) was used for visualisation of model performance. The relative error (RE)
was calculated as follows:
RE =

µ 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − µ 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

(19)

µ 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

An RE value less than zero indicates that growth predictions are higher than observed
values (fail-safe) while an RE value above zero indicates predictions lower than observed
values (fail-dangerous). For cases in which growth was predicted but not observed, the
RE was designated a value of -1.
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Results
Database and models for growth predictions
A total of 4000 datasets (experimental growth curves of Listeria in food products and
broth media) were collected from Combase, the literature and industry trials as a resource
for predicting microbial growth of different microbes in multiple matrices. Using these
datasets, we constructed a bespoke model to predict the growth of L. monocytogenes in
complex food matrices with multiple hurdles of acidity, organic acids and water activity.
The hurdles of pH, aw, organic acids, and their respective values, were selected to
represent the intrinsic conditions of typical RTE foods such as salad dressings, sauces and
dairy products. Cardinal values were obtained with both sequential and simultaneous
methods and results are presented in Table 2.3. The calculated values were in the range
of cardinal values for L. monocytogenes in the literature for both the sequential and
simultaneous methods. However, a greater number of data was used in the simultaneous
method. In addition, a matrix of correlation analysis was performed and showed that there
was no strong correlation between the different variables estimated by fitting using the
simultaneous method (data not shown). Therefore, parameters determined with the
simultaneous method were used for development of the model. The parameter values with
their 95% confidence interval limit are presented in Table 2.4.

Table 2.3. Cardinal values obtained by both simultaneous and sequential modelling and
comparison to common literature data.

Simultaneous
method
Estimations
Sequential
method
Literature2

Value1
2.50%
97.50%
Value
2.50%
97.50%
Value

1

Tmin

pHmin

awmin

1.16
-0.11
2.43
-0.94
-1.41
-0.47
-0.90

4.47
4.28
4.66
4.14
4.02
4.26
4.19

0.93
0.92
0.93
0.92
0.92
0.92
0.92

The 2.50% and 97.50% are the limits of the confidence interval (CI). The calculated CI is that given by

the ‘nls tools’ function’ of R software.
2

Pujol et al. (2012)
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Table 2.4. Estimated parameter values for Listeria monocytogenes obtained with simultaneous
method.
Description

Notation

Value

2.5%

97.50%

Literature

Optimal growth rate

μopt (h-1)

1.33

1.29

1.36

1.0162

Minimal temperature for
growth

Tmin (°C)

1.16

-0.11

2.43

-0.9042

Optimal temperature for
growth

Topt (°C)

35.91

35.05

36.76

372

Maximal temperature for
growth

Tmax (°C)

46.42

45.37

47.46

45.52

Minimal pH for growth

pHmin

4.47

4.28

4.66

4.191

Optimal pH for growth

pHopt

7.05

6.82

7.22

72

Minimal water activity for
growth

awmin

0.93

0.92

0.93

0.9211

1

Pujol et al. (2012)

2

Augustin and Carlier (2000a)

Monitoring microbial growth in laboratory media and food matrices using standard
microbiological plate counts
A design of experiment (DOE) exercise was performed with the 3 parameters (pH, aw and
organic acid concentration) and 36 experimental conditions were identified. In the
conditions where growth was observed, DMFit 3.5 provided by ComBase was utilized to
calculate growth rates. Growth rates were determined in 24 (66%) cases (Table 2.5). The
overall fitting of data using DMFit was generally good, with R2 values ranging from 0.81
to 1 (see examples in Figure 2.1). No growth rate was determined for the 12 conditions
with an aw of 0.93 (~12.5% NaCl) as these proved too stringent to support measurable
microbial growth. The highest growth rate (0.346) was determined in BHI broth at
condition 33 (pH 5.3, aw 0.98, no acid added) while the lowest growth rate (0.027) was
determined in zucchini purée at condition 6 (pH 4.7, aw 0.96, 2mM undissociated
propionic acid). At all conditions, growth rates were highest in BHI broth followed by the
two test matrices. For example, at pH 5.3, aw 0.98 and no organic acid added (condition
9), growth rates were determined to be 0.257, 0.148 and 0.129 for BHI broth, zucchini
purée and béarnaise sauce, respectively. Microbial growth was most likely decreased in
béarnaise sauce compared to the other test matrices due to the presence of 0.02% acetic
acid in the product, which corresponds to the presence of 1.83, 1.24 and 0.76mM of
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undissociated acetic acid at pH 4.7, 5 and 5.3, respectively, prior to any experimental
adjustment. The amount of intrinsic acid in the sauce was taken into account when
determining growth predictions using our bespoke model and ComBase Predictor.
However, for clarity, only predictions without inclusion of intrinsic acid are shown in
Table 6.
At an aw of 0.98, growth rates were determined in BHI broth and the two food matrices
under all conditions. As can be seen in Figure 2.1(B), reduction of aw to 0.96 lead to a
decline in growth rate. At this water activity, béarnaise sauce was unable to support
growth of Listeria cells. In most cases, the addition of organic acids resulted in decreased
rate of growth compared to conditions without acid adjustment. However, conditions 3032 (pH 5.3, aw 0.96) were the exception – the combination of propionic and acetic acid
appeared to have no adverse effect on growth. This result was unexpected, and further
work is required to determine the reason for this.
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Table 2.5. Growth rates of Listeria in laboratory media and food products at each experimental condition
Growth Rates (h-1)
Condition

pH

aw

Acetic acid
(AH, mM)

Propionic
acid (AH,
mM)

BHI
broth3

Zucchini
purée3

Béarnaise
sauce3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
5
5
5
5
5
5
5
5

0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98
0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96

0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1

0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1

ND1
ND
ND
ND
0.0874
0.0618
0.0506
0.0428
0.257
0.173
0.183
0.178
ND
ND
ND
ND
0.123
0.0967
0.118
0.123

ND
ND
ND
ND
0.0774
0.027
0.0339
0.0367
0.148
0.128
0.134
0.117
ND
ND
ND
ND
0.116
0.0736
0.102
0.0923

ND
ND
ND
ND
0
0
0
0
0.129
0.120
0.106
0.110
ND
ND
ND
ND
0
0
0
0
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Model
predicted
(without
interaction)
0.01
0.008
0.007
0.007
0.09
0.074
0.061
0.063
0.143
0.117
0.097
0.1
0.022
0.018
0.015
0.016
0.196
0.161
0.133
0.137

Model
predicted
(with
interaction)
0.00
0.00
0.00
0.00
0.058
0.034
0.004
0.010
0.143
0.117
0.074
0.084
0.00
0.00
0.00
0.00
0.196
0.161
0.126
0.137

Combase Predictor

0.029 (0.022-0.039)4
NA2
0.005 (0.003-0.007)
NA
0.046 (0.031–0.068)
NA
0.011 (0.007-0.016)
NA
0.12 (0.081-0.177)
NA
0.106 (0.072-0.157)
NA
0.037 (0.025-0.055)
NA
0.003 (0.002-0.004)
NA
0.067 (0.046-0.099)
NA
0.009 (0.006-0.013)
NA

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

5
5
5
5
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3

0.98
0.98
0.98
0.98
0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98

0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1

0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1

0.283
0.199
0.259
0.208
ND
ND
ND
ND
0.13
0.13
0.13
0.146
0.346
0.318
0.331
0.328

0.243
0.197
0.205
0.183
ND
ND
ND
ND
0.093
0.0937
0.128
0.131
0.256
0.239
0.213
0.208

0.160
0.126
0.0962
0.112
ND
ND
ND
ND
0
0
0
0
0.236
0.225
0.174
0.166

0.312
0.255
0.211
0.219
0.033
0.027
0.022
0.023
0.288
0.236
0.195
0.202
0.458
0.375
0.310
0.321

0.312
0.255
0.211
0.219
0.00
0.00
0.00
0.00
0.288
0.236
0.195
0.202
0.458
0.375
0.310
0.321

1

ND = not detected by plate counts

2

NA = no ComBase prediction available.

3

Growth rates for unadjusted BHI broth, zucchini purée and béarnaise sauce were determined to be 0.441, 0.297 and 0.133, respectively

4

Values in brackets () represent the limits of the uncertainty range in ComBase at the default probability value of ~68%.

Note that the prediction values shown in this table do not take into account the presence of intrinsic acid in béarnaise sauce.
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0.173 (0.118-0.257)
NA
0.148 (0.1-0.219)
NA
0.05 (0.003-0.074)
NA
0.001 (0.0007-0.001)
NA
0.091 (0.061-0.134)
NA
0.003 (0.002-0.004)
NA
0.235 (0.159-0.346)
NA
0.189 (0.127-0.278)
NA
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Figure 2.1. Fitting of growth curve data by DMFit 3.5 (ComBase). (A) Logcount curves of
Listeria cocktail in BHI broth at pH 4.7 (□), pH 5 (∆), and pH 5.3 (○) in the presence of 2mM
undissociated propionic acid (blue symbols) or 2mM undissociated acetic acid (red symbols), R2
of fit ranging from 0.989-0.999. (B) Logcount curves of Listeria cocktail in zucchini purée in the
presence of 2mM undissociated propionic acid (□), 2mM undissociated acetic acid (∆) or a
combination of 1mM each of both acids (○) at an aw of 0.98 (blue symbols) or 0.96 (red symbols),
R2 of fit ranging from 0.883-0.997). In both figures, fitting of data by DMFit 3.5 (ComBase) is
represented by solid lines.

Accuracy of predicted growth rates by our bespoke model compared to measured
growth rates
Where growth rates were determined, several were higher than the predicted rates,
indicating some fail-dangerous predictions by our model. To evaluate the performance
of the model against the measured data, we utilized various performance indices which
were calculated for model predictions both with and without an interaction factor. All
results are listed in Table 2.6.
Ross et al. (2000) suggested that for models describing growth rate, a bias factor between
0.9 and 1.05 is considered good. If bias is in the range of 0.7-0.9 or 1.06~1.15, the model
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is deemed acceptable. If the bias factor is below 0.7 or above 1.15, the model is deemed
unacceptable. Bias factors calculated from all observations show that the model
predictions with interaction were good (Bf = 0.97), while predictions without interaction
were deemed unacceptable (Bf = 1.31). Corresponding percent bias values (31% and -3%
for model without and with interaction, respectively) indicate that the model without
interaction over-estimated growth, while inclusion of an interaction term resulted in a
slight under-estimation of growth. However, under- and over-estimation of growth tend
to ‘cancel out’, therefore bias factors may not be a reliable indicator of performance.
Calculated values of Af and %D for both models indicate that the model without
interaction provided predictions which were closer to observed values (Af = 1.50 and %D
= 50 compared to 1.72 and 72% for model with interaction).
In Figure 2.2, relative error (RE) is plotted as a function of each environmental factor,
both with and without interaction. Overall, most model predictions without interaction
fall within or outside the lower limit of -0.3 (fail-safe), while inclusion of an interaction
term results in most predictions falling outside the upper RE limit of 0.15 (faildangerous). In terms of pH, most fail-dangerous predictions by the model were obtained
at pH 4.7. As the pH was increased to 5.0 and 5.3, the number of fail-dangerous
predictions decreased. For water activity, predictions were mostly fail-safe at an aw of
0.96, while changing the aw to 0.98 resulted in an increase in fail-dangerous predictions.
In general, as the concentration of acetic acid increased, so did the number of faildangerous predictions. In contrast, increasing the concentration of propionic acid lead to
a reduction in fail-dangerous predictions.
Agreement between predicted and observed values in all matrices can be visualised in
Figure 2.3(A). Again, most of the model predictions with interaction are deemed to be
fail-dangerous, as they fall below the equivalence line. As can be seen in Figure 2.3(B),
removal of results containing organic acids leads to a reduction in the number of faildangerous predictions, indicating that the organic acid secondary model is a source of
inaccuracy. Overall, while Bf values indicate that the model with interactions is more
acceptable, this is most likely due to over- and under-estimation values cancelling each
other out. Evaluation of other performance indicators suggests that inclusion of an
interaction term resulted in under-estimation of growth at several conditions, which is a
potentially dangerous situation. Although the model without interaction often over-
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estimated growth, resulting in the Bf falling outside the acceptable range, it is a preferable
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situation as safety of the food is not compromised.
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Figure 2.2. Relative error (RE) plots with an acceptable prediction zone of -0.3 (fail-safe) and
0.15 (fail-dangerous) for comparison of observed growth rates and model predictions without
interaction (×) and with interaction (□) as a function of pH, aw, acetic acid and propionic acid.
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Figure 2.3. Comparison between observed and predicted growth rates for model without
interaction (red points) and with interaction (navy points). (A) Observed growth rates for all
conditions in all matrices and (B) observed growth rates in all matrices for conditions with no
organic acid adjustment (i.e. conditions 1, 5, 9, 13, 17, 21, 25, 29, 33). Points above the line
indicate fail-safe prediction values while points below the line indicate fail-dangerous prediction
values.

Table 2.6: Performance indices calculated for different models.
Results

Model

Accuracy
Factor (Af)

Discrepancy
(%)

Bias
(%)

With interaction
With interaction

Bias
Factor
(Bf)
0.97
1.24

All observations
No acids

1.72
1.56

72
56

-3
24

All observations
No acids

No interaction
No interaction

1.31
1.33

1.50
1.48

50
48

31
33

All observations

ComBase
Predictor

0.53

2.39

139

-47
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Comparison of ComBase predicted growth rates and experimentally determined
growth rates
ComBase Predictor was used to provide growth predictions for each condition. ComBase
does not contain data relating to propionic acid, therefore predictions could be not
obtained for any conditions containing this organic acid. In general, experimental growth
rates for BHI broth and zucchini purée were higher than the standard predictions from
ComBase Predictor. The calculated bias factor (0.53) and negative percent bias value (47%) indicate that the ComBase Predictor generally under-estimated growth, while a high
accuracy factor of 2.39 and discrepancy of 139% suggests that the observed values were
widely spread around the predictions. However, ComBase allows the visualisation of
growth rate uncertainty measurements and provides a range within which the growth rate
will fall, with a default probability value of ~68% (Table 2.5). This probability value can
be increased or decreased, thus widening or narrowing the growth rate range. Taking this
into account, when the probability of the calculated growth rate falling within this range
is set to the default value of ~68%, calculated growth rates for zucchini purée do fall
within the range for most conditions, except for those combining an aw of 0.96 with acetic
acid. However, growth rates calculated for conditions in BHI broth still fall outside this
range. When the probability value is raised to 90%, most conditions do fall within range.
Therefore, our data is on the boundary.
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Discussion
In this study, we investigated the ability of a bespoke model to predict growth in food
matrices, with multiple hurdles of acidity, water activity and organic acids. Model
validation was performed by monitoring of bacterial growth firstly in BHI broth, followed
by two food matrices (zucchini purée and béarnaise sauce). In all experiments, growth
rates in BHI broth were higher than those in zucchini purée or béarnaise sauce, indicating
that the effect of hurdle factors was dependant on the test medium Growth rates were not
determined for the conditions with an aw of 0.93 as these proved too stringent to support
measurable microbial growth. It should be noted that along with low aw values, the solute
used to adjust the aw can also influence bacterial growth. Adjustment of aw using NaCl
may osmotically stress the cell, resulting in reduced cell turgor pressure and a subsequent
decline in bacterial population, compared to a solute such as glycerol which can freely
enter the cytoplasm of the cell, preventing turgor loss and cell death (Farber et al., 1992;
Sperber, 1983). Thus, the use of NaCl as a humectant in this study may have contributed
to decreased bacterial growth in the low aw conditions.
At several conditions, the model under-estimated growth in BHI broth while growth in
the food matrices was often over-estimated. In this case, the effect of food structure on
microbial growth should be considered. It is known that growth of microorganisms in
liquid culture is planktonic, allowing for transfer of nutrients to bacterial cells. However,
the complex structure of foods can affect the spatial distribution of bacteria (PerezRodriguez and Valero, 2013). It has been demonstrated that the microstructure of the
aqueous phase of foods (porosity, pore distribution and permeability) can affect microbial
stability due to the distribution of water and redistribution of organic acids and other food
preservatives (Hills et al., 1997). It should be noted that starch was present in both food
matrices, while béarnaise sauce also contained xanthan gum (Table 1). The presence of
gelling agents in food matrices can lead to immobilisation of bacterial cells, resulting in
constrained growth and subsequently lower growth rates than cells growing
planktonically in liquid culture (Skandamis and Jeanson, 2015). Aryani et al. (2016)
investigated the effect of different food matrices on the growth of L. monocytogenes,
finding that the effect on growth was strain-dependant. Several other studies also report
that the growth of L. monocytogenes in microbiological media differs from growth in a
solid food matrix, assuming similar environmental conditions (Kowalik et al., 2006;
Schvartzman et al., 2010; Szczawiński et al., 2017). Thus, the differences observed in
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growth rates between each test medium reaffirms the value of model validation in a
variety of matrices prior to application.
Comparison of experimentally determined growth rates with predicted growth rates from
both our bespoke model and ComBase Predictor indicated that some of the predictions
were unacceptable as they under-estimated actual bacterial growth. The conditions for
which growth was under-estimated were generally those which contained organic acids.
It is well reported in the literature that the response of Listeria to acid is strain dependant.
L. monocytogenes can acquire enhanced resistance to stress through multiple
mechanisms. The glutamate decarboxylase (GAD) acid resistance mechanism plays a
major role in the acid resistance of several bacteria. It has been established that L.
monocytogenes LO28 possesses a total of three glutamate decarboxylase homologs and
two transporters, as is the case with L. monocytogenes EGDe. The presence of these genes
contributes to growth of Listeria in mildly acidic pH (Cotter et al., 2001; Cotter et al.,
2005). Ryan et al. (2010) established the presence of a five-gene islet (SSI-1; stress
survival islet 1) in some Listeria strains, which contributes to growth under suboptimal
conditions e.g. low pH and elevated salt concentrations. Several studies have shown
significant differences in the growth kinetics between different strains of L.
monocytogenes (Augustin et al., 2011; Barbosa et al., 1994; Begot et al., 1997; Francis
and O’Beirne, 2005) and it is acknowledged that the accuracy of model outputs may be
impacted by intra-species variation (Delignette-Muller and Rosso, 2000). Aryani et al.
(2015) quantified the impact of strain variability on maximum specific growth rate
(µmax) using twenty strains of L. monocytogenes. It was found that the effect of strain
variability explained approximately 1/3 or less of the variability found in literature, while
2-4 log CFU/ml(g) differences in growth predictions were observed between the most
and least robust strains, depending on the food product. Results from this study, along
with others (Bang et al., 2008; Rosshaug et al., 2012; Sant’Ana et al., 2012; Seman et al.,
2002), reaffirm the impact of strain variability on growth modelling predictions.
The RE plots (Figure 2.2) highlight differences between observed and predicted growth
rates as a function of each environmental factor. In the case of the discrepancies between
predicted and observed growth rates at different pH, the most significant difference was
observed at the lower pH of 4.7. Several factors could have contributed to this, including
data availability, model selection and strain-specific behaviour. However, the Rosso
model has been successfully employed for Listeria previously with diverse strains
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(Coroller et al., 2005; Le Marc et al., 2002; Pujol et al., 2012) and growth data of L.
monocytogenes in broth and food products at low pH values are available. Thus, the
ability to accurately measure actual growth rates must be considered. At pH 4.7, growth
rates were obtained for 8 conditions. Of these, four had low growth rates (0.027-0.087),
which are more difficult to accurately determine and may have contributed to the
discrepancy.
Results indicate that the secondary organic acid model was a source of model inaccuracy.
Various studies have reported minimal inhibitory concentrations (MICs) of undissociated
acetic and propionic acid for Listeria (Coroller et al., 2005; Le Marc et al., 2002; Nakai
and Siebert, 2004; Östling and Lindgren, 1993; Zuliani et al., 2007) However, data
regarding these MICs are limited, with large intervals between undissociated acid
concentrations used, resulting in only a rough estimate of actual MIC concentrations.
Wemmenhove et al. (2016) established MIC values for undissociated organic acids using
small increments in acid concentrations and pH values resulting in more accurate
estimations, therefore those values were used in this study. However, establishing MIC
values of organic acids for Listeria remains a challenge. Strain variation contributes to
variations in MIC values, while factors such as growth stage, pH, and prior exposure to
sub-lethal stresses all need to be taken into consideration when predicting the
susceptibility of Listeria cells to organic acids (Lues and Theron, 2012). Consequently,
MIC values determined under certain conditions may not be suitable for extrapolation to
other situations, leading to difficulty in accurate estimation of Listeria inhibition for use
in predictive modelling. Therefore, further work needs to be done to derive more precise
MIC values for development of our bespoke model.
The validity of the µopt value used in the model development must also be considered. As
the objective of this study was to test the outputs of a generalised predictive model rather
than develop a matrix-specific model, only a single µopt value was used. It is clearly
recognised that if a µopt value determined for each of the matrices had been used, rather
than relying on a µopt value calculated from a variety of matrices, then the model
predictions could be improved. In addition to the organic acid component of the model,
this represents another opportunity to improve the model in future work.
When interactions between environmental factors were considered, accuracy of model
predictions decreased and several predictions under-estimated growth. This suggests that
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in this study, the Gamma hypothesis (independent combination of antimicrobial
preservatives) provided safer, more accurate predictions. Several studies have concluded
that the combined effect of hurdles is multiplicative. Lambert and Bidlas (2007a, 2007b)
investigated the effect of weak acids, salt, pH and temperature on the growth of
Aeromonas hydrophila and Enterobacter sakazakii. In both studies, no synergistic
interactions were observed between inhibitory factors, supporting the validity of the
Gamma hypothesis. Biesta-Peters et al. (2010) modelled the growth of Bacillus cereus
under varying conditions of pH and concentration of undissociated acids. Combination
of the cardinal model by Rosso et al. (to describe pH) and a model by Luong et al. (for
undissociated acid) in a gamma model provided good predictions. It was found that
inclusion of synergy factors into the model did not improve prediction quality and resulted
in over-estimation of the growth boundary, which could potentially lead to a situation in
which food safety is compromised. Likewise, in our study, assumption of a synergistic
effect between environmental factors could potentially result in under-estimation of
pathogen growth, leading to problems for both food producers and consumers, including
food spoilage, product recalls and adverse health effects. However, the cardinal
parameters used in the interaction model are a potential source of bias. The cardinal
parameters in this study were estimated by fitting of the model without interaction. The
same values were then subsequently used with a different model (i.e. an interaction
model). It is recognised that there may be flaws as a result of this, however the objective
was only to make a comparison between interaction and non-interaction and observe
which model provided the best fit. Also, although the interaction model provided less
accurate predictions, only this model could predict no growth in the cases where no
growth was observed. Additionally, several authors have demonstrated the validity of
interaction models (Akkermans et al., 2017; Augustin and Carlier, 2000b; Le Marc et al.,
2002; Mejlholm and Dalgaard, 2009). Therefore, the effect of hurdle combinations should
be evaluated for each individual situation to ensure microbial safety in foods.
In conclusion, the obtained results highlight the importance of experimental validation of
model predictions generated from bespoke models and ComBase Predictor in complex
food matrices. Overall, our bespoke model over-estimated growth of Listeria in complex
food matrices, while it often under-estimated growth in BHI broth. Our data was found
to be at the boundary of ComBase Predictor values. Inclusion of an interaction term
between hurdles did not significantly improve model predictions. The secondary organic
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acid component of our model was found to be a source of inaccuracy. While the field of
predictive mathematical modelling shows promise in helping the food industry to deliver
safer food products, it is clear that more experimental data is required for improved model
development and predictions.
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Abstract
Indirect impedance has been used for the detection and enumeration of bacteria, however
there is limited data regarding the ability of the method to measure growth and inhibition
of microorganisms in food in response to preservatives. The aim of this study was to
evaluate the suitability of the technique to determine maximum growth rates of Listeria
innocua (used as a surrogate for Listeria monocytogenes) in complex food matrices to
which multiple preservative factors had been applied and assess the suitability of the data
for use in predictive microbiology. Growth of L. innocua in laboratory medium (BHI
broth) and two food matrices (zucchini purée and béarnaise sauce) under varying
conditions of pH (5 & 5.3), water activity (0.93, 0.96 & 0.98) and acetic and propionic
acid concentration (0, 1 & 2mM) was monitored by the conductimetric Rapid Automated
Bacterial Impedance Technology (R.A.B.I.T) system by means of CO2 emission for up
to 120 hours. Growth rates of L. innocua were determined for several conditions across
the three test matrices and a good correlation between detection times and initial inoculum
level was observed in most cases (R2≥0.82). However, growth of L. innocua was not
detected in a large number of conditions and comparison of growth rates determined by
indirect impedance to those determined by plate counts indicated that in general, the
R.A.B.I.T. system under-estimated growth. This study demonstrates that there are
limitations associated with the technology, and as a result the system may be unsuitable
for measuring microbial growth rates in complex food matrices under the environmental
conditions tested and within the time duration of the study.
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Introduction
Listeria monocytogenes is a pathogen which causes the foodborne illness listeriosis, an
infection that primarily affects young children, the elderly, pregnant women and
immunocompromised individuals. Due to its ubiquitous nature, control of L.
monocytogenes in the food industry is a challenge, particularly for ready-to-eat (RTE)
products. Insufficient cleaning regimes in food processing areas can result in the presence
of persistent L. monocytogenes strains, increasing the likelihood of cross-contamination
from the processing environment to the food product (Alvarez-Ordóñez et al., 2018;
Leong et al., 2014). Additionally, foods can also become contaminated at the retail or
domestic level (EFSA, 2018b). Listeria innocua is a non-pathogenic Listeria species
which is the most closely related to L. monocytogenes (Buchrieser, 2007) and because of
this, is often used as a surrogate microorganism for L. monocytogenes in food-based
studies (da Silva et al., 2019; Hospital et al., 2012; Merialdi et al., 2015)
Consumers are now demanding the use of natural preservatives and minimally processed
foods, therefore food manufacturers must provide a product which is microbiologically
safe, while ensuring that the effect on the nutritional and sensory properties of the food is
minimal (Lucera et al., 2012). Hurdle technology can be used to achieve this i.e. the
application of combinations of preservation factors or hurdles (e.g. high or low
temperature, acidity, redox potential etc.) which results in mild but reliable preservation
of the food (Leistner and Gorris, 1995). As novel antimicrobial compounds and
preservatives are discovered, their impact on the behavior of bacteria in foods must be
evaluated. Predictive microbiology is an area which combines microbiology with
mathematical modelling and statistics to describe the behavior of microorganisms at
various environmental conditions (Fakruddin et al., 2011). Predictive models are
continuously being developed and validated, encompassing a wide range of bacteria, food
products and preservation methods (see as examples: Juneja et al., 2016; Kim et al., 2018;
Li et al., 2017). The majority of predictive models are developed from data derived using
viable plate counts, a conventional enumeration method which is tedious, laborious and
time-consuming. Thus, there is a requirement for more rapid methodologies for studying
growth kinetics of microorganisms in food matrices.
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Impedance technology is a rapid method used for the detection and enumeration of
microorganisms and is based on a change in conductance due to the release of metabolites
by actively growing bacteria (Wawerla et al., 1999). Researchers have used indirect
impedance to study the inhibition of bacterial growth by antibacterial compounds such as
phytochemicals (Adeyinka, 2013) and antibiotics (Sawai et al., 2002a), while others have
utilised the technology for determining growth rates of bacteria (Koutsoumanis et al.,
1998; Sherry et al., 2006) and fungi (Sawai and Yoshikawa, 2003), however these studies
were performed using only culture broth. Impedance has also been used to measure
bacterial growth in various food products including seafood (Dalgaard et al., 1996; Macé
et al., 2013; Spreekens and Stekelenburg, 1986), meat and poultry (Priego et al., 2011;
Russell et al., 1994) and dairy products (Firstenberg‐Eden et al., 1984; Gnan and
Luedecke, 1982) although these studies used food homogenates or food rinses. To our
knowledge, the only study reported in the literature that utilised impedance to study the
effect of added preservatives, directly in complex food matrices, is a previous study from
our laboratory (Johnson et al., 2014). We employed the Rapid Automated Bacterial
Impedance Technology (R.A.B.I.T.) to measure growth rates of various bacteria in a
range of complex foods, however data describing the effectiveness of the system for
measuring bacterial growth and inhibition in response to preservatives was limited
(Johnson et al., 2014). Following on from this, the aim of the present study was to
investigate the suitability of the system for determining growth rates of Listeria in
complex foods in which the pH, water activity and acid concentration had been adjusted
i.e. multi-hurdle conditions. Listeria innocua, used as a non-pathogenic surrogate for L.
monocytogenes was monitored in laboratory medium (BHI broth) and two complex food
matrices (zucchini purée and béarnaise sauce) under varying conditions of pH (5 and 5.3),
water activity (0.93, 0.96 and 0.98) and acetic and propionic acid concentrations (0, 1 and
2mM). To assess the suitability of the data for use in predictive microbiology, growth
data generated using the R.A.B.I.T. system was compared to predictions both from
ComBase Predictor, a tool provided by ComBase which provides predictions of microbial
behavior under various environmental conditions and predictions from a bespoke model
previously developed by our group (Nyhan et al., 2018). Growth rates of L. innocua
determined by the R.A.B.I.T. system in this study were also compared to growth rates
previously determined by Nyhan et al. (2018) using viable plate counts, in which a
cocktail of both L. monocytogenes and L. innocua strains were used.
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Materials and methods
Test microorganisms
L. innocua L287, isolated from cabbage leaves, was obtained from the Nestlé Research
Centre culture collection and was used as a surrogate for L. monocytogenes. Stocks of the
strain were stored frozen at -20°C and -80ºC in cryovials in a final concentration of 30%
glycerol. Following resuscitation from frozen stocks, the L. innocua strain was grown in
Brain Heart Infusion (BHI) broth (Difco) overnight at 37°C. Strains were plated onto BHI
agar (Difco) and stored at 4°C for up to 7 days.

Preparation of test matrices
As in Chapter II of this thesis, BHI broth, zucchini purée and béarnaise sauce were used
as the test matrices (see Table 2.1. for details of each matrix). Adjustment of test matrices
was carried out as described previously by Nyhan et al. (2018). Briefly, BHI broth,
zucchini purée and béarnaise sauce were adjusted to various conditions of pH, water
activity and acetic and propionic acid concentrations. pH was adjusted using 1M
hydrochloric acid and 1M sodium hydroxide (Merck, Darmstadt, Germany) and measured
using a pH meter (Mettler Toledo, Ohio, USA). Water activity was measured using an
AQUALAB 4TEV water activity meter (METER Group, Munich, Germany) and adjusted
using sodium chloride. Acetic and propionic acids (Merck, Darmstadt, Germany) were
prepared as buffer solutions using pure acid and the salt of the corresponding carboxylate,
to avoid any change in pH after addition.

Conductimetry equipment
Conductance was measured as described previously by Johnson et al. (2014). Briefly, a
R.A.B.I.T. instrument (Don Whitley Scientific, Shipley, UK) was used which gives an
indirect measurement of microbial growth based on conductance changes through a
potassium hydroxide (KOH) agar solution, due to the release of CO2 by metabolically
active microorganisms. Sterile R.A.B.I.T. cells were filled with 700µl of the detection
medium which consisted of equal amounts of 0.35% w/v KOH and molten 2% agar. The
tubes were stoppered and following a 3-hour stabilization period, only tubes with an
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initial conductance above 6000µS were used for measurement of growth of L. innocua in
BHI broth and the two food matrices. Time To Detection (TTD) was defined as the time
taken for L. innocua growth to reach the detection threshold concentration (ND, CFU/ml).
The ND was set as 108 CFU/mL and the observation time limit was 120 hours.

Measurement of microbial growth by indirect impedance in laboratory media and
food matrices
Microbial growth was measured by the R.A.B.I.T. system as described previously by
Johnson et al. (2014). Briefly, 2.7±0.3g of the adjusted test matrices were dispensed into
a glass tube that fitted within the R.A.B.I.T. cell. Overnight cultures of L. innocua L287
were serially diluted and 300µl aliquots were inoculated into the test matrices to give
starting inoculum levels of approx. 103, 104 and 105 CFU/ml. For the food matrices,
samples were mixed with a sterile inoculating loop for at least 30 seconds. The
effectiveness of this mixing method for even distribution of the inoculum was confirmed
by sampling different areas of the food matrix, serially diluting and plating. Following
inoculation, the glass tube was placed within the R.A.B.I.T. cell and loaded into the
incubator panel at 30ºC. Conductivity of the detection medium was recorded every 6 mins
over a 120 hour period, with a detection criterion of -11μS. TTD was recorded when the
detection criterion was reached for three successive readings. Regression curves were
plotted using standard Microsoft Excel software to determine correlation between TTD
(mins) and log of the starting inoculum level (log CFU/ml). The slope of the regression
curve was determined, and the growth rate was calculated from 1/slope x 60. Experiments
were performed using two biological repeats with three inoculum levels per assay.

Model predictions
In a previous study by our group, we developed and validated a bespoke model describing
the effect of pH, water activity and acetic and propionic acid concentration on the growth
of Listeria in RTE food products (Nyhan et al., 2018). To assess the suitability of the
growth rate data generated in the present study for use in predictive modelling, we
compared the growth rates determined by the R.A.B.I.T system to predictions generated
by the previously developed bespoke model (Nyhan et al., 2018) and to predictions from
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ComBase Predictor. The ability of both the bespoke model and ComBase Predictor to
accurately describe the growth of L. innocua was evaluated using the bias factor and
accuracy factor as described by Ross (1996). The bias factor (Bf) is written as follows:
accuracy factor as described by Ross (1996). The bias factor (Bf) is written as follows:
µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
log ∑(
)
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(1)

and
𝑇𝑇𝐷𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
log ∑(
)
𝑇𝑇𝐷𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
(
)
𝑛

𝐵𝑓 = 10

for TTD data

(2)

where µi,observed and TTDi,observed are the experimentally determined growth rates and
TTD values respectively, µi,predicted and TTDi,predicted are the growth rates and TTD values
which were predicted by the model in question, and n is the number of observations. Bf
>1 indicates that the model is “fail-safe” (growth rate predictions are higher than
observed growth rates, while predicted TTD values are lower than observed TTD
values) while Bf <1 is “fail-dangerous” (observed growth is higher than the predicted
growth and predicted TTD values are higher than the observed values).
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Results
Detection of growth of L. innocua by indirect impedance
This study investigated the ability of indirect impedance to determine growth rates of L.
innocua in lab media (BHI broth) and two food matrices (béarnaise sauce and zucchini
purée) under varying conditions of pH (5 and 5.3), water activity (0.93, 0.96, 0.98) and
acetic and propionic acid concentration (0, 1, 2mM). Of the 24 experimental conditions
tested in this study (Table 3.1), the R.A.B.I.T. system determined growth rates for 11 of
the conditions in BHI broth (conditions 9-12, 17, 19-24), and a total of 6 conditions in the
two food matrices - 4 conditions in zucchini purée (conditions 17, 21, 23, 24) and 2
conditions in béarnaise sauce (conditions 9 & 17). Both the lowest and highest growth
rates detected by the R.A.B.I.T system were in BHI broth, with values of 0.042h-1 and
0.270h-1 for conditions 10 and 21, respectively. In béarnaise sauce, growth rates were
only determined for conditions 9 (0.196h-1) and 17 (0.192h-1). As growth was detected in
these two conditions, it was expected that growth would also be detected in the conditions
that were less stringent. However, for condition 21 in béarnaise, the combination of pH
5.3 with an aw of 0.98 resulted in a more favorable growth environment than conditions
9 & 17, but growth was only detected in one of the inoculum levels. Growth was not
detected by the R.A.B.I.T system for any of the conditions which had a water activity
value of 0.93, regardless of the pH or initial inoculation level, possibly due to inhibition
of growth at these stringent conditions.
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Table 3.1: Growth rates of L. innocua in laboratory medium and food matrices

Condition

pH

aw

Acetic
acid (AH,
mM)

Propionic
acid (AH,
mM)

BHI
(RABIT)

BHI
(plate
count)3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

5
5
5
5
5
5
5
5
5
5
5
5
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3

0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98
0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96

0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1

0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1

ND1
ND
ND
ND
ND
ND
ND
ND
0.106
0.042
0.058
0.106
ND
ND
ND
ND
0.169
ND
0.189
0.134

ND
ND
ND
ND
0.123
0.097
0.118
0.123
0.283
0.199
0.259
0.208
ND
ND
ND
ND
0.13
0.13
0.13
0.146
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Growth Rates (h-1)
Zucchini
Zucchini
purée
purée
(RABIT)
(plate
count)3
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.116
ND
0.074
ND
0.102
ND
0.092
ND
0.243
ND
0.197
ND
0.205
ND
0.183
ND
ND
ND
ND
ND
ND
ND
ND
4
0.088
0.093
ND
0.094
ND
0.128
ND
0.131

Béarnaise
sauce
(RABIT)
ND
ND
ND
ND
ND
ND
ND
ND
0.1964
ND
33:545
33:545
ND
ND
ND
ND
0.1924
14:365
ND
ND

Béarnaise
sauce
(plate
count)3
ND
ND
ND
ND
0
0
0
0
0.160
0.126
0.096
0.112
ND
ND
ND
ND
0
0
0
0

ComBase
Predictor

0.037
NA2
0.003
NA
0.067
NA
0.009
NA
0.173
NA
0.148
NA
0.05
NA
0.001
NA
0.091
NA
0.003
NA

21
22
23
24

5.3
5.3
5.3
5.3

0.98
0.98
0.98
0.98

0
0
2
1

0
2
0
1

0.270
0.187
0.235
0.200

0.346
0.318
0.331
0.328

0.164
39:185
0.1454
0.2134

0.256
0.239
0.213
0.208

22:485
ND
30:365
31:005

0.236
0.225
0.174
0.166

1

ND = Growth not detected

2

NA= ComBase prediction not available

3

Growth rates obtained by plate counts in a previous study (Nyhan et al., 2018) using a cocktail of both L. monocytogenes and L. innocua strains

4

Growth rate calculated based on growth detection from two inoculum levels

5

These samples were recorded as TTDs due to detection of growth in only one of the three inoculum levels (TTDs recorded as hours:minutes).
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0.235
NA
0.189
NA

Linearity of TTD data
Cuppers and Smelt (1993) proposed that the slope of the TTD line over several
inoculation levels gives a measure of the microbial growth rate. Determination of growth
rates in foods using indirect impedance relies on a high level of correlation between initial
inoculation levels and TTD. In this study, three initial inoculation levels were used, log
3, 4 and 5 CFU/ml. For 7 conditions, growth was only detected in one of the inoculation
levels, therefore no growth rate could be determined. In six of these seven conditions
(85%), the growth was detected from the 105 CFU/ml initial inoculum, while growth was
detected only from the 104 CFU/ml initial inoculum in one of the conditions (15%). In
several conditions, growth was only detected in two of the three inoculation levels. As
these regression curves contained points from only two of the three initial inoculation
levels, the slope of the line and subsequent calculation of the growth rate may have been
affected, leading to less accurate results. For example, béarnaise sauce already contains
acetic acid in its formulation prior to any experimental adjustment, therefore it was
expected that the growth rates of L. innocua in this food matrix would be lower than those
of the BHI broth and zucchini purée. However, in conditions 9 and 17, the growth rate
values of L. innocua in béarnaise sauce were higher than those of the other matrices,
possibly due to the fact that the growth rate was calculated based on results from just two
of the three inoculation levels.
Table 3.2. shows the linearity of the growth rate data. R2 values were calculated based on
the correlation between TTD (mins) and initial cell numbers (Log CFU/ml) using
Microsoft Excel regression analysis. For conditions 9, 17 and 21 which contained no
organic acids, R2 values were ≥ 0.9, indicating a high level of correlation (Figure 3.1).
Addition of propionic acid alone (conditions 10 & 22) or a combination of propionic and
acetic acid (conditions 12, 20 & 24) resulted in a good correlation being maintained (R2
≥ 0.82), with a R2 value of 1 being observed for condition 22. Although the addition of
acetic acid alone did not affect linearity in condition 23 (R2 = 0.999), it resulted in a lower
degree of correlation in some conditions. For example, addition of 2mM acetic acid in
two conditions in BHI broth decreased R2 values from 0.98 and 0.935 to 0.660 and 0.639,
respectively (conditions 11 and 19). For the food matrices, condition 21 in zucchini purée
was the only condition for which a growth rate was determined using three inoculum
levels, resulting in a R2 of 0.901.
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Table 3.2: Correlation between TTD (mins) and initial inoculation levels (Log CFU/ml) in
conductance experiments
Test
matrix

Condition

R2
value1

BHI broth

9 (pH 5, aw 0.98, no acid)

0.976

BHI broth

10 (pH 5, aw 0.98, 2mM propionic acid)

0.898

BHI broth

11 (pH 5, aw 0.98, 2mM acetic acid)

0.660

BHI broth

12 (pH 5, aw 0.98, 1mM propionic acid, 1mM acetic acid)

0.980

BHI broth

17 (pH 5.3, aw 0.96, no acid)

0.935

BHI broth

19 (pH 5.3, aw 0.96, 2mM acetic acid)

0.639

BHI broth

20 (pH 5.3, aw 0.96, 1mM propionic acid, 1mM acetic acid)

0.863

BHI broth

21 (pH 5.3, aw 0.98, no acid)

0.998

BHI broth

22 (pH 5.3, aw 0.98, 2mM propionic acid)

1.000

BHI broth

23 (pH 5.3, aw 0.98, 2mM acetic acid)

0.999

BHI broth

24 (pH 5.3, aw 0.98, 1mM propionic acid, 1mM acetic acid)

0.824

Zucchini
purée

21 (pH 5.3, aw 0.98, no acid)

0.901

1

R2 values were calculated only for conditions where growth was detected in all three inoculum levels.
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Figure 3.1. Linear correlation between TTD and initial inoculum level for condition 9 (pH 5, a w
0.98, no acid) in BHI broth using the R.A.B.I.T system (R2 = 0.98). Data are presented as the
mean of two biological replicates.

Comparison of R.A.B.I.T. growth data to plate count data and model predictions
In a previous study, we determined growth rates of Listeria under the same environmental
conditions using viable plate counts (Nyhan et al., 2018) and these are included in Table
3.1. When compared to the plate count data it was observed that in general, the growth
rates determined by the RABIT system were lower than those obtained using plate counts.
However, as the growth rates obtained previously by Nyhan et al. (2018) were generated
using a cocktail of both L. monocytogenes and L. innocua strains, it is unknown whether
the differences between the two sets of growth rates are solely due to under-estimation of
growth by the R.A.B.I.T. system, or if growth variation between different Listeria strains
resulted in discrepancies between the rates. or possibly a combination of both of these
factors. The agreement between observed and predicted growth rates is visualised in
Figure 3.2. All growth rates determined by the R.A.B.I.T. system were lower than the
predictions from the bespoke model and fall above the equivalence line, deeming them
fail-safe as the growth of L. innocua was slower than predicted. In comparison, ComBase
under-estimated growth in some conditions and over-estimated growth in others, with
points falling on both sides of the equivalence line.
76

0.7

Predicted growth rate (µ)

0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Observed growth rate (µ)

Figure 3.2. Comparison of experimentally observed growth rates (µ) and growth rates predicted
by our bespoke model (blue points) and ComBase Predictor (red points). Points which fall above
the equivalence line are considered fail-safe, while points which fall below are considered faildangerous.

The overall model bias and accuracy factors were calculated for experimental data fitted
against the model (with and without interaction) and are listed in Table 4. The bias factor
measures the agreement between experimental observations and model predictions, while
the accuracy factor indicates the spread of the observed data around the predictions. In
general, a bias factor of between 0.9 and 1.05 is considered good. Values between 0.70.9 or 1.06-1.15 are acceptable, while anything outside these ranges is deemed
unacceptable (Ross et al., 2000). As can be seen from the results in Table 3.3, each of the
models had a Bf>1.15, deeming the predictions from each model unacceptable. The bias
and accuracy factors indicated that the model without interaction under-estimated the
time it would take the L. innocua strain to reach the TTD detection criteria 1x108 CFU/ml
(Bf = 2.73). Considering interactions between environmental factors resulted in the model
predicting an increased TTD, thus there was a higher level of agreement between
observed and predicted TTDs (Bf = 1.19, Af = 1.39). Comparison of growth rates showed
that the model over-estimated growth in all conditions, deeming it fail-safe (Bf = 2.03). A
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Bf of 1.43 indicated that ComBase Predictor generally over-estimated growth of L.
innocua, however it can be seen in Figure 3.2. that over half of the predictions were faildangerous. This suggests that bias factor may not be a reliable indicator of model
performance, as under- and over-estimation of growth rates can cancel each other out.

Table 3.3: Performance indices for each model
Results

Model

TTD data

Without interaction
With interaction
Without interaction1
ComBase Predictor

Growth rates

Bias factor
(Bf)
2.73
1.19
2.03
1.43

1

Accuracy factor
(Af)
2.70
1.39
2.03
2.08

Bias and accuracy factors remained the same when calculated for the model with interaction

78

Discussion
Viable plate counts are often considered the reference method for enumeration of
microorganisms in food matrices (Davey, 2011). However, they can be time-consuming,
laborious and require a large amount of consumables and reagents. Samples must be
serially diluted and plated, while it may take up to 72 hours to obtain results due to
incubation of agar plates. Therefore, there is a requirement for alternative methodologies
for microbial enumeration in foods. Impedance microbiology is a rapid method which has
been used for the detection and monitoring of growth of various microorganisms such as
Salmonella (Adeyinka, 2013; Koutsoumanis et al., 1998; Pablos et al., 2016), Bacillus
subtilis (Ribeiro et al., 2003), Enterobacteriaceae (Priego et al., 2011), Saccharomyces
cerevisiae (Deak and Beuchat, 1993), Photobacterium phosphoreum (Dalgaard et al.,
1996; Macé et al., 2013), Alicyclobacillus acidoterrestris (Fernández et al., 2017),
Escherichia coli, Staphylococcus aureus (Sawai et al., 2002b) and lactic acid bacteria
(Bancalari et al., 2016). However, there are limited studies published regarding the use of
indirect impedance for measuring the efficacy of preservatives against bacterial growth
and survival in food products. As a study from our laboratory previously described the
effectiveness of the conductimetric R.A.B.I.T. system for determining growth rates in
complex food matrices (Johnson et al., 2014), the aim of the current study was to
investigate whether the system could be used to study growth and inhibition of L. innocua
in response to hurdle combinations of pH, water activity and organic acids (multi-hurdle
conditions) and assess the suitability of the data for use in predictive modelling.
In this study, growth rates were determined for a limited number of the conditions across
the three test matrices using indirect impedance and in general, a high degree of
correlation between TTD and initial cell numbers was observed. However, the R.A.B.I.T.
system failed to detect growth in several conditions. This is similar to results observed in
our previous study, whereby growth of L. monocytogenes, Lactobacillus plantarum,
Salmonella enteriditis and Zygosacchormyces rouxii was not detected by the R.A.B.I.T.
system, but detected using plate counts (Johnson et al., 2014). There are several reasons
as to why the R.A.B.I.T. system may be unable to detect growth in some cases, including
the possible induction of different metabolic pathways under stressful conditions, leading
to decreased CO2 production. The impedance detection criterion chosen for this study
was based on three successive conductance changes of -11µS, corresponding to
approximately 108 CFU/ml. In several conditions, growth was only detected from one of
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the inoculation levels. Detection of growth in the higher inoculation level of 105 CFU/ml
indicates that the L. innocua cells were metabolically active and producing sufficient CO2
to trigger the detection criterion. Although the bacteria may have been actively growing,
it is likely that in some cases they were not reaching cell numbers high enough to trigger
the detection criterion, particularly in the low initial inoculum levels of approx. 103
CFU/ml. Thus, growth of L. innocua was classed as not detected (ND) in many
conditions. It is possible to use lower detection thresholds (Adeyinka, 2013;
Koutsoumanis et al., 1998), however other authors have employed thresholds as high as
-15µS (Donaghy and Madden, 1993) and -20µS (Sherry et al., 2006) to ensure that
conductance changes were above the threshold of background variation. To avoid overestimation of growth by the R.A.B.I.T. system due to a low threshold, we chose a
detection criteria of -11µS, a value which was significantly above background. Similiarly,
using higher initial inoculum levels may result in an increased number of conditions
whereby growth could be detected using the R.A.B.I.T. system, however the inoculation
levels used in the current study were chosen as they were significantly lower than the
detection threshold of the system (106 – 107 CFU/g), thus avoiding false-positive results
as a result of fluctuations in conductance values near the detection limit. It is also possible
that the time duration of the experiment may need to be extended beyond 120 hours to
account for the reduced rate of bacterial growth when exposed to stressful environments,
as we previously observed growth of Listeria strains up to 200 hours in several of the
more stringent conditions (Nyhan et al., 2018). Although increasing the time duration of
the study may have increased the number conditions for which growth rates were
determined in the complex foods, it appears that in general, the R.A.B.I.T. system is quite
limited in its ability to measure growth and inhibition of bacteria in foods under multihurdle conditions. Thus, the need to extend the experimental time period does not provide
an advantage when proposing the use of the R.A.B.I.T. system as an alternative method
to plate counts for measuring microbial growth rates. Comparison of growth rates
determined using indirect impedance to those determined by the reference method of
viable plate counts indicated that the R.A.B.I.T. system under-estimated growth. Underestimation of growth by the system resulted in improved model performance as the
majority of predictions were deemed fail-safe, in contrast to results reported previously
by Nyhan et al. (2018). This suggests that data generated using the R.A.B.I.T. system
may not be suitable for predictive modelling, as there is a potential for under-estimation
of growth which could result in increased risk for the consumer. However, previous
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studies report a high level of correlation between growth rates derived using
conductimetric techniques and viable plate counts (Koutsoumanis et al., 1998; Sherry et
al., 2006). It should be noted that the viable plate count data reported here were derived
from experiments performed with a cocktail of both L. monocytogenes and L. innocua
strains, whereas only a single L. innocua strain was used in this study. Thus, differences
between growth rates determined using each of the methods may also be attributed to
strain-specific behaviour, as the impact of strain variation on growth rates has previously
been highlighted (Aryani et al., 2015).
Early applications of impedance microbiology have been extensively reviewed (Silley
and Forsythe, 1996; Wawerla et al., 1999) and mainly involve the use of conductance
equipment such as the R.A.B.I.T. system used in this study, BacTrac, Bactometer and the
Malthus systems for detection of bacterial growth. Advancements have been made in the
area which demonstrate the potential of impedance technology as a valuable detection
method. For example, the use of interdigitated microelectrodes in place of standard
electrodes provides advantages such as high signal-to-noise ratio and rapid detection
times (Yang and Bashir, 2008) while combining impedance with microfluidics has
resulted in techniques such as “impedance microbiology-on-a-chip”, whereby bacterial
cells can be detected from very low sample volumes (Gómez-Sjöberg et al., 2005).
However, so far these innovative impedance techniques have been used only for detection
of bacteria in culture media or supernatants of homogenised food samples (Varshney et
al., 2007; Varshney and Li, 2006) rather than in complex food matrices themselves. Also,
it is possible that food matrices may interfere with impedance measurements (Flint et al.,
2014) thus it remains to be seen whether these methods could be used as an alternative to
traditional impedance microbiology for generation of microbial growth rates in food
products.
In conclusion, this study indicates that there are limitations associated with the use of
indirect impedance for studying the inhibition of bacterial growth in food matrices, under
the conditions tested. Although we previously highlighted the effectiveness of the
technology for measuring growth rates in a range of complex foods, results from the
present study indicate that the technology may not be suitable for studying the growth
and inhibition of microorganisms which are exposed to stressful environmental
conditions. Thus, further work is required for identification and validation of alternative
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methodologies to standard plate counts for studying the growth kinetics of
microorganisms in response to multiple preservative factors.
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Abstract
Listeria monocytogenes is a foodborne pathogen which is a significant challenge in food
production, particularly for ready-to-eat (RTE) products. Incidence of Listeria in food
can be reduced by the application of multiple preservative factors or “hurdles”, which
include acids, water activity and salts. Studying the growth of Listeria in complex foods
is often reliant on laborious plate-counting techniques, therefore alternative
methodologies are required. In this study we investigated the use of bioluminescence
produced by chromosomally integrated genes encoding luciferase and its substrate to
determine microbial growth rates in media and complex food matrices. Five Listeria
innocua strains, used as a non-pathogenic surrogate for L. monocytogenes, were
transformed with plasmid pPL2luxPhelp, resulting in a collection of Lux-tagged strains.
Three test matrices (BHI broth, zucchini purée and béarnaise sauce) were adjusted, testing
various combinations of pH (4.7-5.3), water activity (0.96 & 0.98) and undissociated
acetic and propionic acid concentrations (0-2mM). Adjusted matrices were inoculated
with a cocktail of Lux-tagged strains and growth monitored over time by both
bioluminescence and viable plate counts. Specific growth rates were calculated using both
the bioluminescence and plate count data and compared. Statistical analysis showed that
specific growth rates determined by bioluminescence did not significantly differ from
those determined by plate counts (t test, P > 0.05), while measurements of bias and
accuracy showed good agreement between growth rates determined by both methods.
Although plate counts remain the method of choice for detection of very low specific
growth rates, this study demonstrates the potential of bioluminescence as a rapid
alternative to plate counts for determining microbial growth rates in complex foods.
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Introduction
Listeria monocytogenes is a Gram-positive, foodborne pathogen which can cause
listeriosis, a disease which is particularly dangerous for immunocompromised
individuals, the elderly and pregnant women (Radoshevich and Cossart, 2018). In Europe,
a total of 2,480 cases of listeriosis were reported in 2017, with 227 deaths recorded
(EFSA, 2018a). L. monocytogenes is commonly isolated from processed, ready-to-eat
(RTE) food products, with recent foodborne outbreaks being linked to products such as
soft cheeses, deli ham and packaged salads (CDC, 2018). A risk assessment carried out
by the European Food Safety Authority (EFSA) suggests that more than 90% of invasive
listeriosis cases are caused by ingestion of contaminated RTE foods, while one-third of
cases are due to microbial growth in products after the consumer has purchased them
(EFSA, 2018b). Of all of the Listeria species, the non-pathogenic Listeria innocua is the
most genetically similar to L. monocytogenes (Buchrieser, 2007; Schmid et al., 2005) and
is often isolated more frequently from foods (Chin et al., 2018; Fang et al., 2015; Jamali
et al., 2015). Due to this, many authors have used L. innocua as a surrogate for L.
monocytogenes in food-based studies (Fernandes et al., 2013; Ferrante et al., 2007; Guo
et al., 2013).
The International Commission on Microbiological Specifications for Foods firstly
proposed the concept of a food safety objective (FSO), defining the maximum frequency
of a microbiological hazard in a food at the time of consumption which provides an
acceptable level of protection to the consumer (ICMSF, 2006). Commission Regulation
(EC) No. 2073/2005 sets out the microbiological criteria by which food manufacturers
must comply. It states that L. monocytogenes must be absent in RTE products intended
for consumption by infants or for medical purposes; in RTE products which support the
growth of L. monocytogenes, it must be absent at the time of leaving the production
facility, or <100 CFU/g if the manufacturer can satisfactorily demonstrate that the product
will not exceed the limit of 100 CFU/g throughout the shelf life; and for products unable
to support growth of L. monocytogenes, levels should not exceed 100 CFU/g throughout
the shelf life (European Commission, 2005). As L. monocytogenes poses a significant
challenge for production of RTE foods, one method by which the incidence of Listeria
can be reduced is “hurdle technology” (Leistner, 1978). The ability of L. monocytogenes
to grow in a food product containing multiple hurdles or preservatives can be determined
by challenge tests. Data collected from challenge testing which describes the growth
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kinetics of L. monocytogenes in different foods exposed to various environmental
conditions can then be used in predictive microbiology (PM) for the development of new
predictive models. Several methods are available for enumeration of microorganisms in
food, such as impedance (Johnson et al., 2014; Nyhan et al., 2020; Priego et al., 2011)
flow cytometry (Flint et al., 2006) and quantitative real-time PCR (qPCR) (Rantsiou et
al., 2008) however these are not routinely used in the food industry. In most cases,
challenge testing is performed using the reference method of viable plate counts.
However, plate counts are laborious, time-consuming and may require a large volume of
media and reagents (Jasson et al., 2010). Therefore, there is a need for alternative
methodologies for generation of growth rate data which are rapid, reproducible, sensitive,
less labour-intensive and cost-effective.
Bioluminescence can be defined as the emission of light by a living organism, as a result
of a chemical reaction which is catalysed by luciferase enzymes (Morrissey et al., 2013a).
Bacterial luciferases catalyse the oxidation of reduced flavin mononucleotide (FMNH2)
and a long chain fatty aldehyde (RCHO) in the presence of oxygen to produce flavin
mononucleotide (FMN) and a long chain fatty acid. Consequently, blue-green light is
emitted which can be measured at a wavelength of 490nm (Meighen, 1991). The luxAB
genes encode for the luciferase enzyme, while the luxCDE genes encode for the fatty acid
reductase complex required for regeneration of the aldehyde (Brodl et al., 2018). Bron et
al. (2006) constructed a luciferase-based reporter system, pPL2lux, based on the listerial
site-specific integration vector pPL2 (Lauer et al., 2002) and the luxABCDE system, under
the control of a constitutive promoter Phelp (the subscript “help” is an acronym for “highly
expressed Listeria promoter”) (Riedel et al., 2007), offering an alternative method for
monitoring growth of Listeria. Several studies have used this bioluminescent reporter
system in foods (Field et al., 2010; Liu et al., 2008; Riedel et al., 2007) however, to our
knowledge, the suitability of the method for use in challenge testing to determine specific
growth rates of Listeria in foods has not yet been investigated. The aim of this study was
to investigate the use of Lux technology as an alternative method to plate counts to
measure microbial growth rates of L. innocua (used as a non-pathogenic surrogate for L.
monocytogenes) in BHI broth and complex food matrices (zucchini purée and béarnaise
sauce) with multiple hurdles of pH, water activity and acetic and propionic acid
concentration.
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Materials and Methods
Bacterial strains, media and growth conditions
Escherichia coli DH10B::pPL2luxPhelp, containing the plasmid pPL2luxPhelp, and the L.
innocua strains used in this study were obtained from the University College Cork culture
collection (Table 4.1). L. innocua strains were grown aerobically in Brain Heart Infusion
(BHI) broth or on BHI agar plates (LabM, Lancashire, UK) at 37°C. Lux-tagged L.
innocua strains were grown with shaking at 37°C in BHI broth supplemented with
7.5µg/ml

of

chloramphenicol

(Merck,

Darmstadt,

Germany).

E.

coli

DH10B::pPL2luxPhelp was grown at 37°C in Luria-Bertani (LB) broth (LabM,
Lancashire, UK) supplemented with 15µg/ml chloramphenicol. Stocks of all strains were
maintained at -20°C and -80°C in cryovials in a final concentration of 40% glycerol
(Merck, Darmstadt, Germany). Strains of L. innocua and E. coli were maintained on BHI
agar plates containing 7.5µg/ml chloramphenicol and LB agar plates containing 15µg/ml
chloramphenicol plates, respectively, at 4°C for short-term storage.

Table 4.1. Bacterial strains used in this study
Strain

Bacterium Relevant information

Source or reference

DH10B::pPL2luxPhelp

E. coli

Chloramphenicol resistant

Riedel et al. (2007)

SLCC7199

L. innocua

Isolated from cheese

UCC Culture Collection

SLCC6483

L. innocua

Isolated from cheese

UCC Culture Collection

SLCC6519

L. innocua

Isolated from cheese

UCC Culture Collection

SLCC6921

L. innocua

Isolated from milk

UCC Culture Collection

FH1836

L. innocua

Isolated from cannelloni

UCC Culture Collection

SLCC7199::pPL2luxPhelp L. innocua

Chloramphenicol resistant

This study

SLCC6483::pPL2luxPhelp L. innocua

Chloramphenicol resistant

This study

SLCC6519::pPL2luxPhelp L. innocua

Chloramphenicol resistant

This study

SLCC6921::pPL2luxPhelp L. innocua

Chloramphenicol resistant

This study

FH1836::pPL2luxPhelp

Chloramphenicol resistant

This study

L. innocua
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Creation of competent L. innocua strains and electroporations
Plasmid pPL2luxPhelp was isolated from E. coli using a QIAGEN QiaSpin Miniprep Kit
according to the manufacturer’s instructions (Qiagen, Hilden, Germany) and precipitated
using Pellet Paint Co-Precipitant (Novagen, Merck). Electrocompetent L. innocua strains
were created according to the method of Park and Stewart (1990). Briefly, overnight
cultures of each strain were diluted 1:100 in BHI containing 0.5M sucrose and incubated
at 37°C until they reached an OD600nm of 0.2. Penicillin G was added to a final
concentration of 10µg/ml and incubation continued for another 2 hours. Cells were
harvested by centrifugation (8000 x g, 10 min, 4°C) and washed three times; once with
an equal volume of sucrose electroporation buffer (1mM HEPES pH 7/0.5M sucrose) and
twice with half volume. The final cell pellet was resuspended in 250µl of the same buffer
and used within 30mins of preparation. For electroporations, 50µl of electrocompetent
cells were transformed with 1µg of pellet paint-precipitated plasmid DNA. Transformants
were selected by plating on BHI agar plates containing 7.5µg chloramphenicol, and plates
were incubated at 37°C for 72h. Colonies were checked for light emission using the IVIS
Xenogen Imaging 100 system (Xenogen, Alameda, US). Bioluminescence was measured
in relative light units (RLU; photons per second) with an exposure time of 5 minutes and
a binning of 8. Integration of pPL2luxPhelp into the chromosome of L. innocua strains was
confirmed by PCR using primer pair PL95 (5’-ACATAATCAGTCCAAAGTAGATGC)
and PL102 (5’-TATCAGACCTAACCCAAACCTTCC) as described previously (Lauer
et al., 2002). The amplified PCR products were separated on a 1% (wt/vol) agarose gel
and visualised with a DNR Bio-Imaging system (DNR Bio-Imaging Systems, Israel).

Stability of pPL2luxPhelp in L. innocua
The stability of pPL2luxPhelp in the absence of antibiotic selection was determined
according to the method used by Morrissey et al. (2011) with some minor changes. The
Lux-tagged L. innocua strains were grown in triplicate overnight in BHI broth containing
chloramphenicol (7.5 µg/ml) at 37°C. 1ml aliquots of each overnight culture were
centrifuged at 10,000 x g for 5 minutes, washed and resuspended in an equal volume of
sterile ¼ strength Ringers’ solution (Merck, Darmstadt, Germany). 200µl of each washed
overnight was then transferred into 10ml of fresh BHI broth without antibiotic. Tubes
were incubated for 8h at 37°C, after which 200µl of culture was transferred into fresh
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BHI broth and incubated overnight with shaking (~16h). This passaging was repeated for
a further 3 days. At each passage, 100µl aliquots were serially diluted in ¼ strength
Ringers’ solution, and 100µl of each dilution was spread-plated onto BHI agar. Following
incubation of plates for 24h at 37°C, fifty random colonies from each passage were scored
for antibiotic resistance by patching colonies onto BHI agar and BHI agar containing 7.5
µg/ml chloramphenicol. Plates were incubated at 37°C for 24h after which they were
examined for growth.

Measuring growth of Lux-tagged and non-tagged L. innocua strains in BHI broth
by measuring OD, bioluminescence and performing viable plate counts
L. innocua strains were grown in triplicate in BHI broth (containing 7.5µg/ml
chloramphenicol for Lux-tagged strains) overnight at 37°C. 1ml of overnight cultures
were centrifuged at 10,000 x g for 5 minutes, washed and resuspended in an equal volume
of ¼ strength Ringers’. A 2% inoculum was added to fresh broth and 200µl of this was
transferred to a sterile, 96-well plate (Sarstedt, Nümbrecht, Germany). Growth was
monitored at 37°C by measuring OD600nm every hour for 24 hours using a plate reader
(SpectraMax 340). Viable plate counts were performed by serially diluting samples in ¼
strength Ringers’ and plating on BHI agar. Following incubation for 24h at 37°C, colonies
were counted manually. To measure bioluminescence, a 2% inoculum of washed Luxtagged strains was added to fresh BHI broth and 3ml aliquots were transferred to 6-well
plates (Greiner Bio-One, Kremsmünster, Austria). Bioluminescence was measured using
an IVIS100 Imaging System (Xenogen).

Preparation of test matrices
As in Chapter II and Chapter III of this thesis, BHI broth, zucchini purée and béarnaise
sauce were used as the test matrices (see Table 2.1. for details of each matrix). The test
matrices were adjusted according to experimental design (Table 4.2), as described
previously by Nyhan et al. (2018). Briefly, pH was adjusted using 1M hydrochloric acid
and 1M sodium hydroxide. Following this, water activity was adjusted using sodium
chloride. Acetic and propionic acid were added as buffer solutions to avoid any change
in pH after addition. Following adjustment, BHI broth was filter sterilised using a 0.22µm
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filter. The food matrices used were available commercially sterilised by means of UltraHigh Temperature (UHT) treatment. Sterility of food products was confirmed prior to
experimental testing by serial dilution and plating on BHI agar.

Table 4.2. Experimental conditions
Condition

pH

aw

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
5
5
5
5
5
5
5
5
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3

0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98
0.96
0.96
0.96
0.96
0.98
0.98
0.98
0.98

Acetic
acid (AH,
mM)
0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1
0
0
2
1
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Propionic
acid (AH,
mM)
0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1
0
2
0
1

Determination of specific growth rates of Lux-tagged L. innocua strains in BHI
broth and complex food matrices by measuring bioluminescence and performing
viable plate counts
Lux-tagged L. innocua strains were grown overnight in BHI broth at 37°C. 1ml aliquots
of overnight cultures were centrifuged at 10,000 x g for 5 mins, washed and resuspended
in an equal volume of ¼ strength Ringers’ solution. The washed cells were combined in
equal amounts to produce a multistrain cocktail with a final concentration of approx. 1 x
109 CFU/ml. Adjusted test matrices were inoculated with 200µl of serially diluted
cocktail to give an approximate starting inoculum of between 103 and 105 CFU/ml, and
samples were mixed using a sterile inoculating loop for 30 seconds to ensure even
distribution of the inoculum and incubated at 30°C. At various time intervals, 3ml aliquots
of BHI broth and 3g aliquots of zucchini purée and béarnaise sauce were transferred to a
sterile 6-well plate. Bioluminescence was measured using an IVIS Xenogen Imaging 100
system with an exposure time of 5 minutes and a binning of 8. Time to Detection (TTD)
was defined as the time taken for each starting inoculum to reach an RLU value of 1x106,
which corresponded to approx. 1x107 CFU/ml. Viable plate counts were performed by
serially diluting 1ml/(g) aliquots in ¼ strength Ringers’ and plating 100µl aliquots onto
BHI agar. Experiments were carried out using two biological repeats with three inoculum
levels per assay. For bioluminescent data, correlation between TTD (mins) and log of the
starting inoculum was determined using Microsoft Excel regression analysis and the
specific growth rate was calculated, where TTD = a*log(N0) + b and µ = ln(10)x60/a
(Johnson et al., 2014). Maximum growth rates were calculated from viable plate count
data (time vs log CFU/ml) using DMFit version 3.5 provided by ComBase and were
multiplied by ln(10) for conversion to specific growth rates.

Statistical analysis and performance indices
Statistical analysis of the data was carried out using the Statistical Package for the Social
Sciences (SPSS v.25). Statistical significance was determined using a two-sample t test
with a significance level of P ≤ 0.05. In addition, specific growth rates determined using
bioluminescence were compared to those determined by plate counts using the bias factor,
accuracy factor (Ross, 1996), percent discrepancy and percent bias (Baranyi et al., 1999).
These performance indices are normally utilised in predictive modelling studies to
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compare observed growth rates with predicted growth rates. For validation of the
bioluminescence method, specific growth rates determined by bioluminescence were
taken as ‘predicted’ growth rates, while specific growth rates determined by plate counts
were considered the ‘observed’ growth rates. The bias factor (𝐵𝑓 ) can be written as
follows:
µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
log ∑(
)
µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(

𝑛

)

𝐵𝑓 = 10

(1)

Where µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 is the growth rate determined using plate counts, µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is the
growth rate determined using bioluminescence and 𝑛 is the number of observations. The
bias factor describes the agreement between the specific growth rates determined by both
bioluminescence and plate counts.
The accuracy factor (Af) describes the spread of the specific growth rates determined by
bioluminescence around the specific growth rates determined by plate counts:
µ𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
log ∑|
|
µ𝑖,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(

𝑛

)

𝐴𝑓 = 10

(2)

If both bias factor and accuracy factor equal to 1, it corresponds to a perfect fit between
the two sets of specific growth rates.
The percentage discrepancy (%D) and percentage bias (%B) were calculated as follows:
%D= (Af – 1) · 100%

(3)

%B = sgn (ln Bf) · (exp|ln Bf | - 1) ·100%

(4)

sgn (ln Bf) is equal to +1, 0 or -1, when ln Bf is positive, zero or negative, respectively. If
%B is positive, then the growth rates determined by plate counts are generally higher than
those obtained by the bioluminescence. Conversely, if %B is negative, plate counts
generally determined lower growth rates than those determined by bioluminescence. The
higher the value, the higher the degree of difference between the sets of values.
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Results
Creation of Lux-tagged L. innocua strains
In this study, five L. innocua strains were transformed with pPL2luxPhelp by
electroporation as previously described (Park and Stewart, 1990). This plasmid contains
the luxABCDE operon derived from Photorhabdus luminescens under control of a
constitutive promoter Phelp (Riedel et al., 2007). Characterisation of the Lux-tagged L.
innocua strains was carried out as described by Morrissey et al. (2011). Firstly, integration
of pPL2luxPhelp into the correct chromosomal location was confirmed using primer pair
PL95-PLl02. When streaked onto BHI agar and viewed using the IVIS100 Imager, all
five Lux-tagged strains emitted light, while the non-tagged strains did not (Fig. 4.1A). To
investigate whether the integration of pPl2luxPhelp had an effect on bacterial growth, both
the Lux-tagged strains and their non-tagged counterparts were grown in BHI broth and
growth was measured at various time intervals. Results from viable plate counts of
FH1836 and FH1836::pPL2luxPhelp (FH1836lux) are shown in Figure 4.1(B). Similar
growth was observed by the wild type strain and its lux-tagged derivative, and similar
results were obtained for the other strains (see Appendix). The stability of pPL2luxPhelp
was investigated by repeated passaging of the Lux-tagged strains in BHI broth in the
absence of chloramphenicol. Results showed that the plasmid was 100% stable over four
transfers for all five strains and 96-99% stable over passages five and six, depending on
the individual strain (Fig. 4.1C).
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Figure 4.1. (A) Non-tagged L. innocua strains streaked onto BHI agar (top) and Lux-tagged L.
innocua strains streaked onto BHI agar plus 7.5µg chloramphenicol (bottom) and viewed with an
IVIS Imager. (B) Growth of L. innocua strains FH1836 and FH1836lux in BHI broth at 37°C
measured by optical density at 600nm. (C) Percentage of chloramphenicol resistant colonies
following passaging of Lux-tagged L. innocua strains in the absence of antibiotic. (ON =
Overnight culture; P = passage). Data for all the above are represented as mean ± standard
deviation for three biological repeats.
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Monitoring bioluminescence in BHI broth and complex food matrices
Growth of the cocktail of Lux-tagged strains was monitored in BHI broth, zucchini purée
and béarnaise sauce at 37°C by measuring bioluminescence using a Xenogen IVIS
imager. Light emission increased over time as cell numbers increased and background
bioluminescence was not detected from the non-tagged strains or the BHI broth.
However, both the zucchini purée and béarnaise sauce emitted background luminescence
which decreased during incubation in the dark. Uninoculated samples were used for each
experiment as a control measure and readings were corrected for background to ensure
that only light emitted from growth of the Lux-tagged L. innocua strains was measured.
Results showed that RLU readings can be correlated with viable plate counts, with a high
degree of correlation existing between the two methods (Figure 4.2).
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Fig. 4.2. Linear correlation between viable plate counts (CFU) and bioluminescence readings
(RLU) in BHI broth at 37°C
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Determination of specific growth rates of L. innocua in broth and complex food
matrices using bioluminescence
Bioluminescence has previously been used for the detection of bacteria in food products,
however the system has not been used for determination of microbial growth rates. The
test matrices used in the study, BHI broth, zucchini purée and béarnaise sauce, were
inoculated with 3-5 log10 CFU/ml(g) and a detection criterion of 1x106 RLU
(corresponding to approx. 1x107 CFU/ml) was chosen for each of the matrices as
significantly above background to calculate the TTD. Along with bioluminescence
measurements, viable plate counts were also performed. Of the 72 growth experiments
performed, specific growth rates were determined for 72% using bioluminescence,
indicating that in most cases the L. innocua strains could grow and emit a sufficient
amount of light to reach the detection criterion of 1x106 RLU. Specific growth rates were
determined for 89% of conditions using viable plate counts (Table 4.3). In the particularly
stringent conditions, which combined a low pH of 4.7 with a water activity of 0.96, light
emission was not detected (condition 1 in BHI, conditions 1-4 in zucchini purée), despite
the L. innocua strains growing to significant numbers (approx. 7 log10 CFU/ml). This
suggests that light emission is inhibited under stressful conditions, perhaps due to the
effect of pH or water activity on the luciferase enzyme. In other conditions (conditions 3
& 4 in BHI broth, conditions 9 & 17-20 in béarnaise sauce) bioluminescence was unable
to determine a growth rate as cell numbers did not reach the detection criterion of 1x106
RLU. The lowest growth rate detected by plate counts was 0.042h-1, while the limit of
detection of the bioluminescence method was approx. 0.2h-1, indicating that
bioluminescence is not suitable for measuring very low growth rates.
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Table 4.3. Comparison of specific growth rates of Listeria innocua cocktail in laboratory media and food products at each experimental condition, determined
by both Lux technology and viable plate count
Growth Rates (h-1)
Condition

BHI (Lux)

BHI (plate

Zucchini

Zucchini purée

Béarnaise

Béarnaise

ComBase

count)

purée (Lux)

(plate count)

sauce

sauce (plate

Predictor

(Lux)

count)

1

ND1

0.098 (0.004)

ND

0.169 (0.020)

ND

NG

0.106

2

ND

NG2 (0.003)

ND

0.105 (0.003)

ND

NG

NA3

3

ND

0.042 (0.010

ND

0.112 (0.003)

ND

NG

0.025

4

ND

0.070 (0.002)

ND

0.116 (0.020)

ND

NG

NA

0.492 (0.020)

0.449 (0.018)

0.394 (0.032)

0.313 (0.016)

0.307 (0.006)

0.276

3

5

0.550 (0.010)

6

0.341 (0.002)

0.364 (0.010)

0.271 (0.004)

0.290 (0.002)

0.190 (0.001)

0.225 (0.002)

NA

7

0.340 (0.033)

0.370 (0.005)

0.279 (0.045)

0.272 (0.003)

0.175 (0.010)

0.205 (0.006)

0.244

8

0.397 (0.001)

0.419 (0.002)

0.293 (0.005)

0.276 (0.018)

0.180 (0.004)

0.228 (0.013)

NA

9

0.236 (0.003)

0.203 (0.010)

0.223 (0.004)

0.203 (0.001)

ND

0.045 (0.006)

0.154

10

0.199 (0.003)

0.188 (0.001)

0.197 (0.003)

0.171 (0.001)

ND

NG

NA

11

0.211 (0.009)

0.189 (0.011)

0.172 (0.006)

0.180 (0.009)

ND

NG

0.021

12

0.187 (0.003)

0.199 (0.001)

0.179 (0.004)

0.165 (0.002)

ND

NG

NA

13

0.620 (0.055)

0.625 (0.002)

0.684 (0.014)

0.696 (0.027)

0.546 (0.050)

0.533 (0.067)

0.398
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14

0.389 (0.018)

0.393 (0.003)

0.340 (0.020

0.368 (0.025)

0.284 (0.008)

0.306 (0.005)

NA

15

0.411 (0.001)

0.388 (0.004)

0.427 (0.010)

0.413 (0.008)

0.341 (0.024)

0.331 (0.002)

0.340

16

0.509 (0.009)

0.494 (0.009)

0.440 (0.015)

0.421 (0.003)

0.332 (0.045)

0.323 (0.004)

NA

17

0.354 (0.001)

0.388 (0.001)

0.244 (0.025)

0.246 (0.014)

ND

0.099 (0.018)

0.209

18

0.232 (0.010

0.250 (0.008)

0.204 (0.001)

0.241 (0.004)

ND

0.089 (0.014)

NA

19

0.264 (0.01)

0.334 (0.004)

0.234 (0.005)

0.272 (0.002)

ND

0.076 (0.006)

0.007

20

0.338 (0.016)

0.318 (0.001)

0.245 (0.017)

0.239 (0.011)

ND

0.081 (0.006)

NA

21

0.606 (0.006)

0.578 (0.020)

0.832 (0.033)

0.735 (0.002)

0.569 (0.002)

0.551 (0.018)

0.541

22

0.482 (0.002)

0.441 (0.001)

0.405 (0.033)

0.369 (0.005)

0.332 (0.004)

0.372 (0.006)

NA

23

0.506 (0.001)

0.512 (0.003)

0.586 (0.046)

0.532 (0.028)

0.362 (0.020)

0.387 (0.003)

0.435

24

0.474 (0.009)

0.499 (0.001)

0.550 (0.025)

0.505 (0.014)

0.467 (0.033)

0.447 (0.015)

NA

1

ND = growth rate not determined using bioluminescence

2

NG = no growth

3

NA= no ComBase prediction available

Values in parentheses represent the standard error of the means
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Linearity of data and comparison of growth rates
For bioluminescence to be utilised as a simple and rapid alternative to viable plate counts
for determination of growth rates, results must be comparable. In this study, specific
growth rates were calculated using two different methods: (1) TTD regression analysis
using bioluminescence data and (2) fitting of plate count data using DMFit software
provided by ComBase. When using TTD methodology, it is assumed that the slope of the
TTD over multiple inoculation levels gives an indirect measure of microbial growth
(Cuppers and Smelt, 1993). Using this method, specific growth rates were calculated
based on the TTDs from three initial inoculum levels (103 – 105 CFU/ml), however the
use of four inoculum levels (102 – 105 CFU/ml) was evaluated in several conditions in
BHI broth (Table 4.4). Results showed that there was no significant difference between
growth rates calculated using four data points compared to those calculated using three
data points (P > 0.05), and the linearity of the data was not affected.

Table 4.4. Comparison of growth rates of L. innocua in BHI broth determined by TTD regression
analysis using three or four starting inoculum levels

Condition
5
6
15
20
23
24

Growth rates (h-1)
3 inoculum levels
4 inoculum levels
0.550
0.565
0.341
0.366
0.411
0.398
0.338
0.337
0.506
0.486
0.474
0.464

For viable plate count data, growth rates were determined using DMFit, an application
which generates growth rates by fitting bacterial growth curves to various models. In this
study, specific growth rates were calculated by DMFit using the model of Baranyi and
Roberts (1994). Figure 4.3. illustrates the calculation of specific growth rates using both
TTD regression analysis of bioluminescence data and standard plate counts for condition
15 (pH 5, aw 0.98, 2mM acetic acid) in béarnaise sauce. Using TTD regression analysis,
the specific growth rate was calculated to be 0.341h-1 while the curve had an R2 value of
0.99, indicating a strong linear correlation between initial inoculum levels and TTD (Fig.
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4.3A). In comparison, fitting of plate count data using DMFit resulted in a specific growth
rate of 0.331 h-1, with an R2 value of 1 (Fig. 4.3B). Of the growth rates determined using
the TTD methodology, R2 values ranged from 0.87 – 1, similar to results obtained using
viable plate count (R2 ≥ 0.84). This indicates that a strong correlation was maintained,
even in the presence of organic acids and salt. Examples of TTD regression analysis for
several conditions across the three test matrices is illustrated in Figure 4.4. Of the 72
experiments performed, a large degree of variability (CV ≥ 20%) was only observed for
condition 7 (pH 4.7, aw 0.98, 2mM acetic acid) in zucchini purée, whereas a high
variability was observed in five conditions using viable plate counts (Table 4.5).
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Figure 4.3. Calculation of specific growth rates (µ) using (A) TTD methodology from
bioluminescence readings and (B) standard plate counts for condition 15 in béarnaise sauce
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Fig 4.4: TTD regression analysis of: (A) conditions 5 (○), 9 (□) and 17 (x); (B) conditions 6 (○),
18 (□) and 22 (x); (C) conditions 7 (○), 11 (□) and 19 (x) and (D) conditions 8 (○), 20 (□) and 24
(x) in BHI broth (red lines & symbols), zucchini purée (blue lines & symbols) and béarnaise sauce
(green lines and symbols).
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Table 4.5. Reproducibility of data
Test matrix

Condition

Method

1

CV

(%)

1

BHI broth

2 (pH 4.7, aw 0.96, 2mM propionic)

Plate count

27.14

BHI broth

3 (pH 4.7, aw 0.96, 2mM acetic)

Plate count

32.37

BHI broth

4 (pH 4.7, aw 0.96, 1mM propionic,

Plate count

23.40

1mM acetic)

Plate count

25.12

Béarnaise sauce

17 (pH 5.3, aw 0.96, no acid)

Plate count

21.57

Béarnaise sauce

18 (pH 4.7, aw 0.96, 2mM propionic)

Bioluminescence

22.81

Zucchini purée

7 7 (pH 4.7, aw 0.98, 2mM acetic)

% CV was calculated using the mean and standard deviation from two independent experiments with 3

inoculum levels per assay

As can be seen in Table 4.3, growth rates calculated using both methods were quite similar
for all conditions. Statistical analysis showed that there was no significant difference
between growth rates calculated by TTD methodology using bioluminescence and those
calculated using plate counts (t test, P > 0.05). Correlation between the two methods is
shown in Figure 4.5. In addition to statistical analysis, performance indices were
calculated (Table 4.6). Ross et al. (2000) suggested that a Bf of between 0.9-1.05 is
deemed good, while a Bf in the range of 0.7-0.9 or 1.06-1.15 is considered acceptable.
Any values above or below these ranges are deemed unacceptable. Bf values for all three
matrices fell within the range of 0.9-1.05, indicating that there is good agreement between
specific growth rates determined by both bioluminescence and plate counts.
Corresponding percent bias values showed that in comparison to plate counts, growth
rates determined by bioluminescence were similar in BHI broth (0%), slightly lower in
zucchini purée (3%) and slightly higher in béarnaise sauce (-5%). However, underestimation of some growth rates and over-estimation of others may ‘cancel out’, therefore
other indicators of performance are often used along with bias. Calculated Af and percent
discrepancy showed that specific growth rates calculated using bioluminescence were
relatively close to those calculated using plate counts.
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Figure 4.5. Comparison of specific growth rates (µ) calculated using TTD methodology from
bioluminescence readings and standard plate counts (R2 = 0.96).

Table 4.6. Performance indices for comparison of specific growth rates calculated by
bioluminescence and plate counts
Test matrix

Bias factor

Accuracy factor

Discrepancy

Bias

(Bf)

(Af)

(%)

(%)

BHI broth

1

1.08

8

0

Zucchini purée

1.03

1.08

8

3

Béarnaise sauce

0.95

1.09

9

-5
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Specific growth rates were also compared to predictions generated by ComBase Predictor
(Table 4.3). As ComBase does not contain data relating to propionic acid, predictions
were not obtained for any conditions containing this acid. In general, experimental growth
rates for BHI broth and zucchini purée were higher than the predictions from ComBase,
similar to results obtained in a previous study by our group (Nyhan et al., 2018) These
predictions are deemed fail-dangerous as observed growth exceeded predicted growth, a
situation which is potentially dangerous to the consumer. In contrast, experimental
growth rates for béarnaise sauce were lower than the ComBase predictions for several
conditions. This is most likely as a result of reduced microbial growth in béarnaise, due
to the presence of 0.02% acetic acid in the product formulation. Combase contains a ‘Rate
uncertainty’ component which provides a range within which the predicted growth rate
will fall, with a default probability value of 68%. Increasing or decreasing this probability
value will widen or narrow the growth range, respectively. Using the default probability
value of 68%, most of the predictions fall within range, while increasing the probability
value to 90% results in all growth rates falling within range except for those combining
an aw of 0.96 with acetic acid. Therefore, our data is on the boundary.
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Discussion
L. monocytogenes is a foodborne pathogen, outbreaks of which are commonly associated
with RTE food products (Gaul et al., 2013; Jackson et al., 2011; Makino et al., 2005). As
a result, food manufacturers often apply multiple preservatives such as acids and salts to
their products to reduce the incidence of Listeria contamination. Thus, performing
challenge tests to study the growth kinetics of Listeria in food products in response to
these environmental stresses is essential, particularly for the development of predictive
models for use in PM. Currently, the most widely-used method for enumeration of
microorganisms in foods are plate counts, often serving as a reference method to which
other techniques are compared. Although these are tedious, time consuming and labourintensive, availability of alternative methodologies is limited. In this study, we
demonstrate the potential of bioluminescence as a rapid alternative to standard plate
counts for measuring microbial growth rates in complex food matrices.
In this study, five L. innocua strains were transformed with the pPL2luxPhelp plasmid,
creating a collection of Lux-tagged strains capable of light emission during growth.
Analysis of growth characteristics showed that chromosomal integration of the plasmid
did not negatively impact growth and growth of the Lux-tagged strains was similar to that
of the non-tagged strains. Results showed that the plasmid was stable without selective
pressure and could be used for monitoring bacterial growth over time. Similar results
were observed by Bron et al. (2006) and Riedel et al. (2007).
Previous studies have demonstrated the effectiveness of bioluminescence for measuring
microbial growth in food (Chen and Griffiths, 1996; Flaherty et al., 2013; La Rosa et al.,
2012; Lewis et al., 2006; Morrissey et al., 2011; Ramsaran et al., 1998). However, the
method has not been used to perform challenge tests in order to determine microbial
growth rates. In this study, we combined bioluminescence readings with a TTD
methodology, thereby providing an alternative, rapid method for generation of growth
rates of Listeria in complex food matrices. Using Lux-tagged Listeria strains to determine
growth rates in complex foods is less labour-intensive than conventional methods such as
plate counts, which often require preparation of large volumes of media and reagents.
With plate counts, only a limited number of samples can be analysed at one time as they
must be serially diluted and plated and may require incubation periods up to 48h. In
contrast, bioluminescence readings are taken in real-time, therefore results are generated
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immediately. In addition, experiments can be carried out over longer time frames (e.g.
overnight) as the system is automated (Morrissey et al., 2013). However, there are some
limitations with this system. As oxygen is required for the luciferase reaction, light output
cannot be measured for anaerobic conditions. Along with this, our results indicate that
the method may not be able to detect very low growth rates. Therefore, Lux technology
may not be suitable for studying certain environmental conditions in foods e.g. modified
atmosphere or psychotrophic conditions. Bioluminescent imaging equipment is
expensive and may be unfeasible for labs with small budgets. Some studies have used a
microplate luminometer as a cheaper alternative to an IVIS imager (Flaherty et al., 2013;
Morrissey et al., 2011).
TTD methodology has previously been used to determine microbial growth rates.
Cuppers and Smelt (1993) firstly proposed the methodology using ‘time to turbidity’
measurements to model growth of Lactobacillus in broth, while Lindqvist (2006) used a
similar approach to estimate growth rates of Staphylococcus aureus. In this study, growth
rates were calculated based on the TTDs from three initial inoculation levels, and good
linearity was observed for all conditions. A significant difference was not observed
between growth rates calculated with the addition of an extra inoculum level in several
conditions in BHI broth and the linearity of the data was not affected, demonstrating that
three data points were sufficient for reliable calculation of growth rates. Johnson et al.
(2014) used indirect impedance to measure growth rates of microorganisms in complex
food matrices, defining TTD as the time taken to produce a sufficient quantity of CO2.
Although a good correlation was observed between initial inoculum levels and TTD, a
large degree of variability (CV > 20%) was observed for almost half of the microorganism
and matrix combinations. Furthermore, a recent study by our group demonstrated the
limitations of indirect impedance for measuring growth rates of Listeria in food matrices,
with growth rates determined for less than 25% of the experimental conditions
investigated (Nyhan et al., 2020). As stated by Augustin et al. (2011), it isn’t surprising
to observe error values of approx. 20% in food matrices, considering errors of 10% are
commonly seen in liquid media. In this study, only a single condition (condition 7 in
zucchini purée) was found to have a high degree of variability using the TTD
methodology, compared to 5 conditions using plate counts, while growth rates were
obtained using bioluminescence for 72% of the growth experiments performed. However,
it should be noted that unlike traditional viable plate count methods, there is no way to
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differentiate between the lag and exponential phase when using TTD methodology. This
is a concern, particularly in stringent conditions whereby the lag phase is extended.
Statistical analysis showed that there was no significant difference between growth rates
determined by bioluminescence or viable plate count, while a high degree of correlation
existed between the growth rates calculated by both methods. Calculation of performance
indices such as bias and accuracy indicated that there was good agreement between the
two sets of specific growth rates. highlighting how bioluminescence, in combination with
TTD methodology, could reliably be used instead of plate counts. However, some
limitations were observed with the method. In the more stringent conditions, particularly
those which combined a reduced water activity of 0.96 with a pH of 4.7, light emission
was inhibited completely despite cells growing to significant numbers (~7 log10 CFU/ml).
Similar results have been reported in previous studies (Kelana and Griffiths, 2003;
Mackey et al., 1994). As environmental factors such as pH play a vital role in protein
conformation, a combination of preservative factors such as acids and salts may
negatively impact light emission due to changes in the structure of the luciferase enzyme,
which may impact the bioluminescence reaction (Bautista et al., 1998).
It was observed that the Lux-tagged L. innocua strains began to emit light when they
reached approx. 1x105 RLU, which corresponded to ~ 1x106 CFU/ml. Therefore, the
detection criterion to determine TTD was set at 1x106 RLU, a value which was considered
high enough above the detection limit of the IVIS Imager. For a few limited conditions
(those combining pH values of 4.7 or pH 5.3 with an aw of 0.96), growth of the L. innocua
strains was not sufficient to reach the detection criterion of 1x106 RLU whereas growth
rates were determined by plate counts. Had the detection criterion for TTD been lowered
to a value below 1x106 RLU, it’s possible that growth rates could have been determined
for more conditions, however this increases the risk of false-positive results due to
fluctuations in bioluminescent light emission near the detection limit of the IVIS Imager.
Also, it should be noted that the luciferase reaction involves the oxidation of reduced
riboflavin phosphate (FMNH2), the concentration of which depends on the metabolic
activity of the cells. As RLU values can differ between species and strains of bacteria, it
is necessary when using this methodology to establish correlations between cell numbers
and RLU values for each specific strain/cocktail of strains used.
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In conclusion, this study demonstrates the potential use for bioluminescence as an
alternative to plate counts in challenge testing for determination of specific growth rates.
Results show that while plate counts remain a good method for detection of low specific
growth rates (<0.2h-1), combining bioluminescent readings with TTD methodology was
found to be a more rapid, less labour-intensive alternative to plate counts, with no
significant difference observed between growth rates calculated by both methods.
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Abstract
Listeria monocytogenes is a foodborne pathogen which causes listeriosis and is
commonly associated with contamination of ready-to-eat foods. Due to consumer
demands, there is an increasing interest in the use of natural food preservatives, an
example of which is bacteriocins. Nisin A is a 34 amino-acid peptide which has
demonstrated anti-microbial activity against a range of pathogens. In this study, we
examined the ability of nisin A and a rationally assembled bank of 36 nisin derivative
producing Lactococcus lactis strains to inhibit Listeria. We developed a broth-based
bioluminescence assay for screening the anti-listerial effect of cell-free supernatants
(CFS) extracted from the nisin derivative producing strains, both singly and in
combination with each other, with the aim of identifying enhanced combinations of CFS
prepared from bioengineered nisin derivatives. In this way, we screened 630
combinations of nisin derivative producing strains, identifying two (CFS from
M17Q+N20P and M17Q+S29E) which exhibited enhanced anti-listerial activity when
used together compared to when used alone, or to the nisin A wild type strain. Derivative
peptides were purified and broth-based growth curve and kill curve assays confirmed the
enhanced activity of the combinations. . Significantly, this enhanced activity was also
maintained in a model food system (frankfurter homogenate) at both chill and abusive
temperature conditions. To our knowledge, this study is the first investigation that
combines bioengineered bacteriocins with the aim of discovering a combination with
enhanced antimicrobial activity. We believe that this approach warrants further
investigation as a potential strategy for the control of Listeria in food.
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Introduction
Listeria monocytogenes is a Gram positive, non-spore forming rod-shaped bacteria which
can cause the foodborne disease listeriosis, an illness which is mild for most healthy
adults, but can be particularly dangerous for the elderly, young children, pregnant women
and immunocompromised individuals. The incidence of listeriosis is much higher in these
susceptible populations, with a case-fatality rate of 20-30% and approximately 94% of
people requiring hospitalisation (CDC, 2016). L. monocytogenes is ubiquitious in nature,
and as such, is difficult to eradicate from food manufacturing facilities. As the pathogen
can survive sub-optimal conditions such as low temperature, high salt and acidic
environments, post-processing contamination of foods with L. monocytogenes is a major
problem for food business operators (FBOs), particularly with ready-to-eat (RTE)
products which are not cooked or reheated by the consumer prior to consumption. The
European Food Safety Authority (EFSA) has reported a significantly increasing trend of
listeriosis cases in the EU from 2014-2018, with foodborne outbreaks being linked to
products such as RTE meats, soft cheeses and frozen vegetables (EFSA, 2019).
It is the responsibility of the FBO to ensure compliance with regulations and provide a
microbiologically safe and stable food product for the consumer. This, coupled with an
increasing consumer awareness around health and nutrition and a growing demand for
minimally processed products, has resulted in an increased interest in the area of natural
antimicrobials and their application in foods to control microbial growth. One potential
approach could be the use of bacteriocins: small, gene-encoded, ribosomally synthesised
peptides naturally produced by bacteria which can have inhibitory activity against
bacteria of the same species (narrow spectra of activity) or can target other species and
genera (broad activity spectra) (Cotter et al., 2005). Lantibiotics are a subgroup of the
bacteriocin family, characterised by the presence of post-translationally modified amino
acids lanthionine (Lan) and β-methyllanthionine (MeLan) (Field et al., 2010). Nisin A is
a 34 amino acid peptide and the most thoroughly studied lantibiotic, having gained
regulatory approval for use as a food-grade preservative by the Food and Drug
Administration (FDA) and the EFSA in over 60 countries (Fu et al., 2018). It exerts
bactericidal activity by binding to the lipid II precursor and effectively inhibiting cell wall
biosynthesis (Breukink et al., 1999; Brötz et al., 1998; Wiedemann et al., 2001) and also
through the formation of pores in the bacterial cell membrane, resulting in an efflux of
intracellular components such as ions, ATP and amino acids, dissipation of the membrane
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potential (Δψ) and pH gradient (ΔpH) and subsequently, cell death (Bruno et al., 1992;
Gao et al., 1991; Ruhr and Sahl, 1985).
Ten natural nisin variants have been reported to date, namely nisin A (Kaletta and Entian,
1989), nisin Z (Mulders et al., 1991), nisin Q (Zendo et al., 2003), and nisin F (De
Kwaadsteniet et al., 2008) which are produced by L. lactis, nisin U, nisin U2 (Wirawan
et al., 2006), nisin P (Zhang et al., 2012) and nisin H (O’Connor et al., 2015) produced
by Streptococcus spp., nisin J produced by Staphylococcus capitis (O’Sullivan et al.,
2020) and nisin O produced by Blautia obeum (Hatziioanou et al., 2017). The variants
each differ in their amino acid composition, highlighting their ability to tolerate changes
in their residues and domains (Field et al., 2015a). As a result, researchers have exploited
the gene-encoded nature of the peptide, with the aim of bioengineering novel nisin
peptides which have enhanced antimicrobial activity against a range of target pathogens.
Early efforts at bioengineering nisin employed site-directed mutagenesis for the
replacement of specific amino acids, resulting in the creation of derivatives such as nisin
Z M17Q/G18T and T2S (Kuipers et al., 1992a, 1996) which are enhanced against nonpathogenic strains (M. flavus, S. thermophilus) and nisin Z N20K and M21K which
exhibited enhanced inhibitory activity against the Gram-negative pathogens Salmonella,
E. coli and Shigella (Yuan et al., 2004). In our lab we have employed random mutagenesis
whereby the nisA gene was randomly altered, resulting in the generation of large banks
of bioengineered nisin derivatives and subsequent identification of those with enhanced
activity against Gram-positive pathogens (Field et al., 2008; Healy et al., 2013; Rouse et
al., 2012).
Studies have shown bacteriocins to exhibit enhanced antimicrobial activity when
combined with other antimicrobials, including essential oils, organic acids and plantderived compounds (see reviews by Gálvez et al., 2007; Mathur et al., 2017). Researchers
have also investigated the effect of combining different bacteriocins (Hanlin et al., 1993;
Jamuna et al., 2005; Kaur et al., 2013; Lynch et al., 2021; Öncül and Yıldırım, 2019). To
our knowledge, the effect of combining bioengineered nisin derivatives, or indeed any
bioengineered bacteriocins, on bacterial growth has not yet been investigated. In this
study, a bank of 36 nisin derivative producing L. lactis strains were rationally assembled
based on their ability to inhibit Listeria or other Gram-positive pathogens as demonstrated
by previous experiments in our lab. The aims of this study were to examine the antiListeria activity of CFS from the nisin derivative-producing strains, alone and in
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combination, using broth-based growth inhibition experiments and subsequently
investigate the ability of combinations of bioengineered nisin peptides to inhibit Listeria
in food models.

Materials and methods
Bacterial strains and growth conditions
L. innocua FH1836lux (Nyhan et al., 2020) was obtained from Munster Technological
University Cork Culture Collection and grown aerobically at 37°C in Brain Heart Infusion
(BHI) broth (LabM, Lancashire, UK) or on BHI agar (LabM, Lancashire, UK)
supplemented with 7.5µg/ml chloramphenicol (Merck, Darmstadt, Germany). The nisin
A and nisin derivative producing L. lactis strains (Table 5.1) were obtained from the
University College Cork Culture Collection and grown in M17 broth (Merck, Darmstadt,
Germany) supplemented with 0.5% glucose (GM17) or on GM17 agar at 30°C.
Chloramphenicol was added at concentrations of 10µg/ml for the nisin derivative
producing L. lactis strains. Stocks of all strains were stored at -20°C and -80°C in
cryovials at a final concentration of 40% glycerol (Merck, Darmstadt, Germany).

Deferred antagonism assays
Deferred antagonism assays were carried out according to Field et al. (2012). Briefly, the
nisin A and nisin derivative producing L lactis strains were spotted onto GM17 agar using
a 96-pin replicator (Boekel Scientific, Pennsylvania, USA) and incubated overnight at
30°C. Following incubation, the plates were exposed to UV radiation (CL-1000
Ultraviolet Crosslinker) for 30 min and overlaid with sloppy BHI agar (0.75% w/v agar)
seeded with washed overnight cultures of FH1836lux (1%). Plates were incubated
overnight at 37°C after which the zones of inhibition were measured using a Vernier
callipers. Each nisin producer was spotted in triplicate and overlaid with three biological
repeats of the L. innocua FH1836lux indicator strain.
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Table 5.1. Nisin derivative producing L. lactis strains used in this study
Nisin

Relevant information

Reference

Wild-type nisin A producer.

Kuipers et al.

derivative
producing L.
lactis strain
L. lactis
NZ9700
L. lactis

(1993)
L. lactis NZ9700ΔnisA

Kuipers et al.

NZ9800

(1993)

AAA

These nisin derivatives were created as a result of Healy et al.

AAK

randomised site-saturated and site-specific mutagenesis of (2013)
all three hinge residues of nisin A. Both displayed
enhanced activity relative to the wild type against a range
of indicator strains, including Staphylococcus aureus and
Streptococcus agalactiae, however their activity against
Listeria was not investigated.

AAA-S29A

AAA

has

displayed

enhanced

activity

against Field,

Staphylococcus spp. and Streptococcus spp., while S29A unpublished
has exhibited increased activity against both Gram- data
negative and Gram-positive microorganisms, including L.
monocytogenes 10403S and LO28. The AAA-S29A
double-mutant was created to investigate if it too would
exhibit increased bioactivity, however it was not
characterised before the current study.

G18Dhb

Kuipers et al. (1992) performed site-directed mutagenesis Field,
of the nisZ gene resulting in the creation of an M17Q/G18T unpublished
double mutant which produces two forms of the peptide, data; Twomey
in

which

the

threonine

is

dehydrated

to

form et al., 2020)

dehydrobutyrine (Dhb), resulting in M17Q/G18Dhb, or
remains unmodified. The double mutant displayed
enhanced activity against the non-pathogenic strain
Micrococcus flavus. Field altered the nisA gene to create
the single variant, nisin A G18Dhb and subsequently, a
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study by Twomey et al. (2020) showed that G18Dhb
exhibited

enhanced

bioactivity

against

some

Staphylococcus epidermidis strains. The activity of the
nisin variant against Listeria was not investigated before
the current study.

H27K

The nisin Z derivatives N27K and H31K were initially Field,

H31K

created by Rollema et al. (1995), with both peptides unpublished
exhibiting improved solubility and stability compared to data
the wild type. Site-saturated mutagenesis of amino acid
residues in nisin A by our lab resulted in the creation of
nisin A derivatives H27K and H31K. We previously
observed that the bioactivity of H31K was enhanced
against Listeria, most likely due to the increased solubility
of the derivative (Field et al., unpublished data).

I4V

Nisin A derivative I4V has exhibited increased bioactivity Field et al.
against Staphylococcus pseudintermedius, S. intermedius (2015)
and Streptococcus uberis in broth and has demonstrated
the ability to impair the formation of and reduce cell
density of S. pseudintermedius biofilms. The activity of
I4V against Listeria was not investigated.

K12A

Saturation mutagenesis of the lysine amino acid at position Molloy et al.

K12S

12 of nisA resulted in creation of a bank of 19 K12X (2013)

K12T

producers, the most notable of which were K12A, K12S
and K12T. The three derivatives were enhanced against a
range of genera, including Bacillus, Staphylococcus,
Streptococcus, and Enterococcus.. However, enhanced
bioactivity of the three derivatives was observed against
just one of nine L. monocytogenes indicator strains (L.
monocytogenes EGDe virR, a mutant strain).

K22T

Field et al. (2008) employed randomized saturation (Field et al.,
mutagenesis in order to generate a bank of nisin A 2010, 2008)
derivatives with enhanced activity against Gram positive
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bacteria. Results showed that nisin A K22T displayed
enhanced activity against S. agalactiae, which prompted
site-saturation mutagenesis of the hinge region for the
creation of additional enhanced derivatives. K22T has also
shown enhanced

bioactivity against

Gram-positive

bacteria such L. lactis, Clostridium difficile and S. aureus,
including methicillin resistant strains (MRSA), however
did

not

exhibit

enhanced

potency

against

L.

monocytogenes. Included in this study due to its broadspectrum Gram-positive activity.

K22M

Also part of the Field et al. (2008) study, K22M was one Field et al.
of the nisin A derivatives created following site-directed (2008)
mutagenesis of the hinge region. The derivative was found
to retain relatively high levels of bioactivity against the
three Gram-positive indicator strains, however its activity
against Listeria was not tested.

M17Q

Kuipers et al. (1992) showed that a double mutant nisin Z Jonnala et al.
M17Q/G18T showed enhanced activity against the Gram- (2020);
positive,

non-pathogenic

Micrococcus

flavus.. Twomey et al.

Subsequently, Twomey et al. (2020) showed that nisin A (2020)
M17Q exhibited enhanced activity against S. epidermidis
in both broth and a simulated wound fluid and
demonstrated the ability to impair biofilm formation by the
bacterium.. It also exhibits improved activity towards
Gram-negative bacteria from the genus Thermus.

M21A

As part of the Field et al. (2008) study, a bank of M21X Field et al.

M21I

nisin A derivatives was generated by site-directed (2015b, 2010,

M21K

mutagenesis of the hinge region. M21K retained levels of 2008); Smith et

M21S

bioactivity similar to that of the wild type, while M21A, al. (2016)

M21V

M21I, M21S and M21V showed enhanced activity against
some of the Gram-positive indicator strains. M21V was
selected for further investigation, with results showing the
derivative displayed enhanced bioactivity against L.
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monocytogenes EGDe and LO28 strains. Following this,
several studies were published which demonstrated the
enhanced activity of M21V against L. monocytogenes in
laboratory media, chocolate milk, hotdogs and in vivo in
mice. Additionally, nisin A M21A, in combination with
food grade additives, has been shown to inhibit growth of
Listeria, prevent formation of and eradicate Listeria
biofilms.

M21V-H31K

This double-mutant was created with the aim of improving Field,
an already enhanced anti-listerial peptide (M21V) by unpublished
increasing solubility (H31K). Results showed that the data
peptide remained active against Listeria (unpublished
data).

N20P

Part of the study by Field et al. (2008), nisin A N20P Field et al.
displayed enhanced activity against S. aureus and MRSA (2008)
strains, however activity was greatly reduced against S.
agalactiae. The derivative was not tested against Listeria
and was included in this study due to its genus-specific
activity.

PV

Nisin A PV (proline and valine in place of serine 29 and Field et al.
isoleucine 30, respectively) is the first nisin peptide to be (2018); Hayes
completely resistant to proteolytic cleavage by the nisin et al. (2019)
resistance protein (NSR). The derivative exhibited
enhanced activity against nsr+ L. lactis, S. uberis and
Enterococcus casseliflavus strains, while a recent study
demonstrated the enhanced activity of nisin PV against S.
agalactiae.

S29A

The activity of the 8000 potential variants produced by

S29D

(Field et al., 2008) was re-screened, using S. aureus and L. (2012)

S29E

monocoytogenes as target strains. Nisin S29G showed

S29G

enhanced activity against S. aureus, and so was subjected

S29R

to complete saturation mutagenesis, resulting in a bank of
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Field et al.

S29X nisin variants. S29A was enhanced against all Grampositive and Gram-negative bacteria tested, including two
L. monocytogenes strains. S29G was enhanced against one
of the L. monocytogenes indicator strains, while S29D and
S29E exhibited anti-listerial activity equal to that of the
wild type.

SVA

Nisin A SVA has been recognised for its enhanced ability Rouse et al.
to

diffuse

through

complex

matrices,

greatly (2012)

outperforming nisin A for controlling the growth of L.
monocytogenes in chocolate milk at both 4°C and 22°C.

T2L

Both of these derivatives have displayed enhanced

Field,

HTK

activity against mastitis-related pathogens (unpublished

unpublished

data), however their activity against Listeria has not been

data

investigated.

PAQ

These hinge-derived mutants were created as a result of

Field,

PGA

complete mutagenesis of amino acid residues in the hinge

unpublished

PIT

region of nisin A and have not yet been extensively

data

SGK

studied, hence their inclusion in this study.

VGA
VGT
VGV
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Investigating the inhibitory effect of nisin A and nisin derivative producing L. lactis
cell-free supernatants on Listeria in broth using Lux technology
The wild type nisin producer L. lactis NZ9700 and the 36 nisin derivative producing L.
lactis strains were cultured for 16-18h at 30°C. Following incubation, cultures were
centrifuged at 10,000 x g for 10 min. The supernatant was removed, retained and filtersterilised using a 0.22µm membrane filter (Sarstedt, Nümbrecht, Germany) (i.e. cell free
supernatants). CFS were prepared fresh daily and used immediately. L. innocua
FH1836lux was grown in triplicate in BHI broth containing 7.5ug/ml chloramphenicol
overnight at 37°C. 1ml aliquots of overnight cultures were centrifuged at 10,000 x g for
10 min, washed and resuspended in 1ml of ¼ strength Ringers’ solution (LabM,
Lancashire, UK). Washed cultures were diluted to a starting concentration of approx. 103
CFU/ml in BHI broth and 180µl was transferred to a sterile black 96 well plate
(ThermoFisher Scientific, US). Firstly, the anti-listerial effects of the nisin derivative
producing strains used singly was investigated. For this, 20µl of CFS obtained from the
nisin A and nisin derivative producing strains were added to the wells and pipetted up and
down to mix thoroughly, resulting in a final concentration of 10% CFS for each nisin
variant. To investigate the effect of combining two bioengineered nisin derivatives, 10µl
of CFS from derivative 1 and 10µl of CFS from derivative 2 were added to the well,
giving a final concentration of 10% CFS, made up of 5% of each derivative i.e. 5% + 5%.
In this way, a total of 630 combinations were assessed.. Each 96 well plate that was set
up contained a negative control consisting of 10% CFS from the non-nisin producer L.
lactis NZ9800. Bioluminescence was measured at 37°C every hour for 24h using an IVIS
Xenogen Imaging 100 system with an exposure time of 5 min and a binning of 8.

Purification of nisin A and the bioengineered nisin derivatives M17Q, N20P and
S29E
Nisin A, M17Q, N20P and S29E peptides were purified as described by Field et al. (2010)
Briefly, the nisin A and the nisin derivative producing L. lactis strains were grown in
GM17 broth supplemented with chloramphenicol (10µg/ml) at 30°C overnight.
Overnight cultures were inoculated into two

litres of Tryptone Yeast broth at a

concentration of 1% and incubated overnight at 30°C. The overnight cultures were
transferred to 500ml centrifuge bottles and centrifuged at 7000 x g for 15 mins. The
120

supernatant was passed through a column containing 60g Amberlite XAD-16 beads
which was subsequently washed through with 500ml of 30% ethanol. Nisin was eluted in
400ml of 70% 2-propanol 0.1% trifluoroacetic acid (TFA). The bacterial cell pellet from
the centrifugation step was resuspended in 250ml of 70% 2-propanol 0.1% trifluoroacetic
acid (TFA) and stirred continuously at room temperature for 3h. Following this, the pellet
was centrifuged at 7000 x g for 15min, and the supernatant was retained and combined
with the eluted nisin from the column. The 2-isopropanol was evaporated off using a
rotary evaporator (Buchi, Flawil, Switzerland) to a volume of 220ml and the pH of the
sample adjusted to 4. The sample was then applied to a 10g (60ml) SPE C-18 Bond Elute
Column (Phenomenex, Cheshire, UK) previously equilibrated with water and methanol.
The column was washed with 120ml of 30% ethanol and the inhibitory fraction eluted in
60ml of 70% 2-propanol 0.1% TFA. 15ml aliquots were concentrated to 2ml volumes
through removal of 2-propanol by rotary evaporation. 1.9ml aliquots were applied to a
Phenomenex (Phenomenex, Cheshire, UK), C12 reverse phase (RP)-HPLC column
(Jupiter 4u proteo 90 Å, 250 × 10.0 mm, 4 µm), previously equilibrated with 25%
acetonitrile and 0.1% TFA. The column was developed in a gradient of 30% acetonitrile
containing 0.1% TFA to 60% acetonitrile containing 0.1% TFA at a flow rate of 3.2ml
min-1. Fractions containing nisin and nisin derivatives were pooled and any remaining
acetonitrile was removed by rotary evaporation. The peptides were freeze-dried
(FreezeZone freeze dryer) and stored at -20°C.

Minimum Inhibitory Concentration (MIC) assays
MIC assays of nisin A, M17Q, N20P and S29E were carried out as previously described
by Field et al. (2015b). Briefly, flat bottom, sterile 96-well microtitre plates were pretreated with 200µl of phosphate buffered saline (PBS) (Merck, Darmstadt, Germany)
containing 1% (w/v) bovine serum albumin (BSA) (Merck, Darmstadt, Germany) and
incubated at 37°C for 30min. Following incubation, wells were washed with 200µl PBS
and allowed to dry, after which 100µl of sterile BHI broth was added to the wells. Each
of the purified peptides were resuspended in BHI broth to a starting concentration of
30µM and 100µl of peptide was placed in the first well, after which a two-fold serial
dilution was performed along the row of 12 wells. Washed overnight cultures of L.
innocua FH1836lux were sub-cultured into fresh BHI broth and allowed to grow to an
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OD600nm of 0.5, before adjusting to a final concentration of 105 CFU/ml. 100µl of the test
culture was then added to each well. Plates were incubated at 37°C for 16h after which
they were visually inspected. The MIC was defined as the lowest concentration of peptide
which visibly inhibited growth. MIC assays were performed using three biological
replicates.

Growth/kill assays
For growth experiments, washed overnight cultures of L. innocua FH1836lux were added
into BHI broth supplemented with the purified nisin peptides alone (8µg/ml of nisin A,
M17Q, N20P or S29E) or in combination with each other (4µg/ml M17Q + 4µg/ml N20P)
2.67µg/ml M17Q + 2.67µg/ml N20P + 2.67µg/ml S29E) to give a starting concentration
of approx. 103 CFU/ml. 200µl volumes were transferred to sterile, black 96 well plates
(Nunc, ThermoFisher Scientific) and bioluminescence was measured at 37°C every hour
for 24h using an IVIS Xenogen Imaging 100 system with an exposure time of 5 min and
a binning of 8.
For kill assays, washed overnight cultures of L. innocua FH1836lux were transferred (1
x 105 CFU/ml in 0.5ml volume) into BHI broth containing the purified nisin peptides
alone (12.5µg/ml of nisin A, M17Q, N20P or S29E), or in combination with each other
(6.25µg/ml M17Q + 6.25µg/ml N20P) (4.17µg/ml M17Q + 4.17µg/ml N20P + 4.17µg/ml
S29E) to give a starting concentration of approx. 2 x 105 CFU/ml. Samples were
incubated for 1h at 37°C, after which 100µl aliquots were taken, serially diluted in 900µl
of ¼ strength Ringers’, plated onto BHI agar and incubated at 37°C for 24h.

Model food trials
Chocolate milk trial
A commercially available chocolate milk product was streaked onto Listeria Selective
Agar (LSA) (LabM, Lancashire, UK) to confirm the absence of Listeria. Aliquots of
chocolate milk were placed into sterile 1.5ml Eppendorf tubes (Sarstedt, Nümbrecht,
Germany) and inoculated with approx. 2 x 105 CFU/ml of washed overnight cultures of
L. innocua FH1836lux. Nisin peptides were then added singly (12.5 µg/ml of Nisin A,
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M17Q, N20P or S29E) or in combination with each other (6.25µg/ml M17Q + 6.25µg/ml
N20P) (4.17µg/ml M17Q + 4.17µg/ml N20P + 4.17µg/ml S29E) to give final volumes of
1ml. Chocolate milk inoculated with just L. innocua FH1836lux was included as a
positive control and the samples were incubated at 20°C (temperature abuse) for 3 days.
Immediately following inoculation (T0) and each day, 100µl aliquots of the chocolate
milk samples were serially diluted in 900µl of ¼ strength Ringers’ solution, plated onto
LSA and incubated at 37°C for 48h. Experiments were carried out using three biological
replicates.

Cottage cheese trial
Aliquots of a commercially available cottage cheese were plated onto LSA to confirm the
absence of Listeria. 1g samples were aseptically transferred into sterile containers and
inoculated with approx. 2 x 105 CFU/g of washed overnight cultures of L. innocua
FH1836lux. Samples were vortexed and mixed well with a sterile inoculating loop to
ensure even distribution of the inoculum throughout the semi-solid cheese sample. Nisin
peptides were then added singly (12.5µg/ml of Nisin A, M17Q, N20P or S29E) or in
combination with each other (6.25µg/ml M17Q + 6.25µg/ml N20P) (4.17µg/ml M17Q +
4.17µg/ml N20P + 4.17µg/ml S29E). Samples were once again vortexed and mixed with
a sterile to inoculating loop to ensure the nisin and nisin derivative peptides were mixed
through the cheese. Cottage cheese inoculated with just L. innocua FH1836lux served as
a positive control and the samples were incubated at 20°C (temperature abuse) for 7 days.
At T0 and each day following that, 0.1g of the cottage cheese samples were transferred
to 900µl of ¼ strength Ringers’ solution, serially diluted and plated onto LSA. Plates
were incubated for 48h at 37°C. Experiments were carried out using biological triplicates.

Frankfurter homogenate trial
Commercially available frankfurters (87% pork) were homogenised in sterile PBS and
samples were plated onto LSA to check for the presence of Listeria. Following this, 35g
of frankfurter meat was weighed and placed in a sterile sampling bag with 35ml of PBS
and homogenised for 2min using a stomacher (Seward, Sussex, U.K.). Aliquots of the
resulting homogenate were placed into sterile 1.5ml Eppendorf tubes and inoculated with
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approx. 2 x 105 CFU/ml of washed overnight cultures of L. innocua FH1836lux. Nisin
peptides were then added singly (12.5µg/ml of Nisin A, M17Q, N20P or S29E) or in
combination with each other (6.25µg/ml M17Q + 6.25µg/ml N20P) (4.17µg/ml M17Q +
4.17µg/ml N20P + 4.17µg/ml S29E) to give final volumes of 1ml. Frankfurter
homogenate inoculated with just L. innocua FH1836lux was included as a positive
control. The samples were incubated at 4°C (chill temperature) and 20°C (temperature
abuse) for 7 and 6 days, respectively. Immediately following inoculation (T0) and each
day, 100µl aliquots of the homogenates were serially diluted in 900µl of ¼ strength
Ringers’ solution, plated onto LSA and incubated at 37°C for 48h. All experiments were
performed using three biological repeats.

Statistical analysis
All experiments were carried out using three biological replicates and data are expressed
as the mean ± standard deviation (SD). CFU data was transformed to log10 prior to
analysis. Statistical analysis was performed using R Studio software. Statistical
significance was determine using Students t-test, with a P value of ≤0.05 considered
significant. Parametric data was analysed using one-way analysis of variance (ANOVA)
with post hoc comparison using the Tukeys multiple comparisons test.

124

Results
Deferred antagonism assays
The ability of the wild-type nisin A producing L. lactis strain and the bank of 36 nisin
derivative producing strains to inhibit a Lux-tagged L. innocua strain was assessed using
an agar-based deferred antagonism assay (Figure 5.1). The non-nisin producer L. lactis
NZ9800 strain was also included as a negative control. Results showed that L. innocua
FH1836lux was sensitive to the wild-type strain, with a zone of inhibition of 4.4mm
(Table 5.2). Of the 36 nisin derivative producing strains screened, nineteen (AAA, AAAS29A, AAK, H27K, HTK, K22T, M17Q, M21A, M21I, M21K M21S, M21V, M21VH31K, PGA, PV, S29A, S29G, SGK, SVA) displayed enhanced anti-microbial activity
relative to the wild-type against the indicator strain, while the zones of inhibition of the
remaining seventeen variant producers were not significantly different (P>0.05) to those
obtained with the wild-type nisin A producing strain. The results are in agreement with
previous studies, whereby deferred antagonism assays showed nisin derivatives M21A,
M21V, S29A, S29G and SVA to have increased activity relative to the wild-type nisin A
against Listeria (Field et al., 2012, 2010, 2008; Rouse et al., 2012; Smith et al., 2016).
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Figure 5.1. Agar-based deferred antagonism assays performed with the wild-type nisin A
producing L. lactis strain (circled) and a bank of 36 nisin derivative producing strains, using L.
innocua FH1836lux as the indicator strain. The non-nisin producer L. lactis NZ9800 was included
as control. The strains were spotted onto GM17 agar and incubated overnight at 30°C after which
they were exposed to UV radiation for 30mins and overlaid with sloppy agar inoculated with L.
innocua FH1836lux. Overlaid plates were incubated at 37°C overnight and zones of inhibition
measured.
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Table 5.2. Assessment of the bioactivity of wild-type nisin A producing L. lactis and 36
bioengineered nisin derivative producing L. lactis strains against L. innocua FH1836lux. Values
correspond to the diameter of the zone of inhibition (mm) and are the mean of triplicate
experiments. Zone values highlighted in bold were found to be significantly enhanced (Student’s
t-test, P≤0.05) compared to those obtained by the wild type nisin A producer.
Nisin derivative
Nisin A
AAA
AAA-S29A
AAK
G18Dhb
H27K
H31K
HTK
I4V
K12A
K12S
K12T
K22M
K22T
M17Q
M21A
M21I
M21K
M21S
M21V
M21V-H31K
N20P
PAQ
PGA
PIT
PV
S29A
S29D
S29E
S29G
S29R
SGK
SVA
T2L
VGA
VGT
VGV

Zone of inhibition
(mm)
4.4 ± 0.2
6.4 ± 1.0
6.4 ± 0.7
7.0 ± 0.8
3.7 ± 0.6
9.2 ± 0.7
4.3 ± 0.1
8.5 ± 0.7
4.4 ± 0.6
4.8 ± 0.3
4.2 ± 0.5
4.1 ± 0.7
4.3 ± 0.1
6.8 ± 0.5
6.6 ± 0.3
9.5 ± 0.6
6.6 ± 0.2
6.3 ± 0.4
9.5 ± 0.3
8.8 ± 0.6
6.9 ± 0.5
5.1 ± 0.4
4.0 ± 0.6
5.7 ± 0.6
4.0 ± 0.3
5.7 ± 0.3
6.2 ± 0.2
4.0 ± 0.3
5.3 ± 0.2
6.8 ± 0.5
4.0 ± 0.6
7.6 ± 0.6
6.6 ± 0.3
4.3 ± 0.3
0.0 ± 0
0.0 ± 0
3.8 ± 0.3

127

Determining the effect of nisin-containing cell-free supernatants on the growth of
Lux-tagged L. innocua FH1836lux in BHI broth using Lux technology
As deferred antagonism assays are endpoint assays, they do not reveal the impact of the
bacteriocin on bacterial growth over time. Furthermore, enhanced activity as determined
by the assay may be due to the peptides possessing an enhanced ability to diffuse through
solid agar, rather than increased specific activity. Chapter IV of this thesis demonstrated
that growth of Listeria could be monitored by a bioluminescence method; i.e. by
transforming a strain with a plasmid containing lux genes and monitoring growth by
measuring light emission (Figure 5.2A) (Nyhan et al., 2020). Thus, in the current study,
we investigated whether Lux technology could be used as an alternative to agar-based
deferred antagonism assays for the identification of enhanced bioengineered nisin
derivatives, differentiating between those which appear enhanced due to their diffusion
abilities and those which are enhanced due to increased specific activity. Firstly, the
effect of CFS obtained from the wild-type nisin A producing L. lactis strain (L. lactis
NZ9700) on the growth of Lux-tagged Listeria was assessed using the IVIS100 imager
over a 24h period, with CFS from L. lactis NZ9800 (non-nisin producer) acting as a
control. Results showed that Listeria alone reached peak RLU at T14, while the growth
of the strain in the presence of CFS from L. lactis NZ9800 was slightly delayed, most
likely due to the acidity of the CFS (pH 5.1). In the presence of CFS from the wild type
nisin A producer an extended lag phase and a decrease in peak RLU values were observed
compared to broth alone and the non-nisin containing control (Figure 5.2B). This showed
that the Lux-based assay was able to demonstrate the inhibitory effect of nisin on Listeria.
. Following this, the effect of CFS obtained from the 36 nisin derivative-producing strains
on the growth of the Listeria strain was assessed. Of the 36 variant producers investigated,
six (H27K, HTK, M21A, M21K, M21V, S29A) were found to extend the lag phase and
thus slow the growth of L. innocua FH1836lux beyond that which was observed using the
wild-type CFS (Figure 5.3). In comparison, the deferred antagonism previously identified
20 nisin derivative producing strains as having enhanced bioactivity against L. innocua
FH1836lux relative to the wild-type nisin A producing strain (Table 5.2). The six
bioengineered nisin derivatives identified by the lux-based CFS assay were also included
in the nineteen variants originally identified by the deferred antagonism assay as having
enhanced bioactivity against FH1836lux.
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Figure 5.2. (A) Lux-tagged L. innocua FH1836lux streaked onto BHI agar + 7.5µg/ml
chloramphenicol and viewed under white light (left) and with an IVIS100 Imaging system (right)
with an exposure time of 5 minutes and a binning of 8; (B) Growth of L. innocua FH1836lux
(inoculated at 103 CFU/ml) in BHI broth () containing 10% CFS from L. lactis NZ9700 ()
and 10% CFS from L. lactis NZ9800 (non-nisin producer) (). The inset shows bioluminescent
images of each condition taken at T14. Bioluminescence was measured at 37°C for 24h using an
IVIS100 Imaging system with an exposure time of 5 minutes and a binning of 8. Data are
represented as mean relative light units (RLU) ± standard deviation.

129

HTK

M21A

3.00E+06
2.00E+06

RLU

1.50E+06
1.00E+06
5.00E+05

3.50E+06
3.00E+06
2.50E+06
2.00E+06
1.50E+06
1.00E+06
5.00E+05
0.00E+00

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

Time (h)

Time (h)

M21V

H27K

S29A

3.50E+06

3.50E+06

3.50E+06

3.00E+06

3.00E+06

3.00E+06

2.50E+06

2.50E+06

2.50E+06

2.00E+06

2.00E+06

2.00E+06

RLU

RLU

0.00E+00

1.50E+06

RLU

RLU

2.50E+06

3.50E+06
3.00E+06
2.50E+06
2.00E+06
1.50E+06
1.00E+06
5.00E+05
0.00E+00

RLU

3.50E+06

M21K

1.50E+06

1.50E+06

1.00E+06

1.00E+06

1.00E+06

5.00E+05

5.00E+05

5.00E+05

0.00E+00

0.00E+00

0.00E+00

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6 8 10 12 14 16 18 20 22 24

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (h)

Time (h)

Time (h)

Figure 5.3.

Growth of L. innocua FH1836lux in BHI broth containing 5% CFS from the wild-type nisin A producing L. lactis strain (▲); 5% CFS from the

nisin variant strain () and 5% CFS from L. lactis NZ9800 (non-nisin producer) (). Bioluminescence was measured at 37°C for 24h using the IVIS100
imaging system with an exposure time of 5 minutes and a binning of 8. Data are represented as mean relative light units (RLU) ± standard deviation.
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Assessing combinations of enhanced bioengineered nisin derivatives
The Lux-based assay was used to screen various combinations of CFS obtained from the
36 bioengineered nisin derivative strains, with the aim of identifying combinations of
CFS with enhanced anti-Listeria activity. A total of 630 CFS combinations were screened
using bioluminescence measurements (see Appendix). Results from this screening
process identified two potentially synergistic combinations of bioengineered nisin
derivatives: M17Q+N20P and M17Q+S29E. L. innocua FH1836lux in the presence of
CFS from the L. lactis NZ9800 non-nisin producer control reached peak RLU (3.6 x 106)
at T15 (Figure 5.4). The growth of L. innocua FH1836lux in the presence of CFS from
each of the nisin derivative strains M17Q, N20P and S29E was similar to that observed
with CFS from the wild-type nisin A strain, all reaching peak RLU values (ranging from
2.8 – 3.7 x 106 RLU) at 16 hours (Figure 5.4 inset). This indicates that when used alone,
neither M17Q, N20P or S29E appear to have enhanced anti-Listeria activity relative to
the nisin A wild-type. Although on inhibitory effect was observed when CFS from the
nisin-derivative producing strains were used singly,

both

the M17Q+N20P and

M17Q+S29E CFS combinations resulted in an extended lag phase, requiring two
additional hours (T18) to reach maximum RLU of 2.9x106 RLU and 3.2 x 106 RLU,
respectively (Figure 5.3 inset), suggesting that the combinatorial effect of these
derivatives is greater than what is observed when used separately. The experiment was
repeated, and the same results obtained. In order to confirm that the findings observed
with the CFS were due to the nisin peptides, the peptides (M17Q, N20P, S29E, Figure
5.5) were purified.
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Figure 5.4. Growth of L. innocua FH1836lux (inoculated at 103 CFU/ml) in BHI broth at 37°C
containing CFS from wild-type nisin A and nisin variant producers at the following
concentrations: 10% nisin A ( black cross), 10% M17Q (▲ blue triangle), 10% N20P ( purple
square), 10% S29E ( yellow diamond), 5% M17Q + 5% N20P ( red circle), 5% M17Q + 5%
S29E ( green square) and 10% NZ9800 (non-nisin producer, control) ( white circle) measured
by bioluminescence readings using the IVIS100 imaging system with an exposure time of 5
minutes and a binning of 8. The inset shows the mean RLU values of L. innocua FH1836lux in
the presence of CFS from the nisin A and nisin derivative producing strains at T16. Data are
represented as mean relative light units (RLU) ± standard deviation.
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Figure 5.5. Schematic of the amino acid compositions of the nisin peptides used in this study.
Residues are represented in the single letter code. Post translational modifications are indicated
as follows, Dha: dehydroalanine, Dhb: dehydrobutyrine, Abu: 2-aminobutyric acid, Ala-S-Ala:
lanthionine, Abu-S-Ala: 3-methyllanthionine. (A) Nisin M17Q showing substitution of
methionine for glutamine at position 17. (B) Nisin N20P showing substitution of asparagine for
proline at position 20. (C) Nisin S29E showing substitution of serine for glutamic acid (E) at
position 29.
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Minimum inhibitory concentration (MIC) assays
Nisin A, M17Q, N20P and S29E were purified by HPLC, freeze-dried and analysed by
mass spectrometry. The specific activities of the purified peptides were determined using
broth-based MIC assays (Table 5.3). Nisin A is inhibitory against L. innocua FH1836lux
at a concentration of 3.75µM, in agreement with MIC values recorded for L.
monocytogenes strains in previous studies (Field et al., 2012, 2010; Smith et al., 2016).
The activities of nisin M17Q and nisin N20P were found to be equal to that of nisin A,
while nisin S29E exhibited a two-fold decrease in activity compared to the other three
peptides with a MIC value of 7.5µM. This is similar to results reported previously by
Field et al. (2012), whereby the activity of nisin S29E was not enhanced compared to
nisin A against two L. monocytogenes strains. The results from the MIC assay are in
agreement with those from the Lux-based CFS assay, indicating that the M17Q, N20P
and S29E peptides alone do not exhibit enhanced specific activity against L. innocua
FH1836lux in broth.

Table 5.3. Minimum inhibitory concentration (MIC) of nisin A, nisin M17Q, nisin N20P and
nisin S29E against L. innocua FH1836lux. Results are expressed as the mean of triplicate
experiments.
Variant

MIC µg ml-1 (µM)

Nisin A

12.57 (3.75)

M17Q

12.57 (3.75)

N20P

12.57 (3.75)

S29E

25.14 (7.5)
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Growth/kill assays
Having established MIC values, we investigated the effect of sub-lethal concentrations of
the purified nisin peptides alone and in combination with each other on the growth of L.
innocua FH1836lux, to ascertain whether the results obtained for M17Q+N20P and
M17Q+S29E with CFS would also be observed with purified peptides. A triple
combination (M17Q+N20P+S29E) of the peptides was also included in the experiment.
The impact of a range of peptide concentrations (0.5 - 10µg/ml) on L. innocua FH1836lux
growth was investigated, with results showing that at the lower concentrations of 0.5 – 4
µg/ml, no difference was observed between nisin A, M17Q, N20P, S29E or any of the
combinations (see Appendix A). However, at the higher concentrations of 6 µg/ml and 8
µg/ml, the activity of several of the peptide combinations once again appeared enhanced
compared to when used singly, or relative to the nisin A wild-type, indicating that the
effect may be concentration-dependant. For clarity, just one of the growth curves is
displayed in Figure 5.6. All four peptides caused a slight delay in growth compared to the
non-nisin-containing control. As shown, the growth of L. innocua in the presence of
M17Q, N20P or S29E alone was similar to that observed with nisin A, indicating that
none of the three bioengineered derivatives exhibited enhanced inhibitory activity,
corresponding to the findings from the initial lux-based CFS screening assay and the MIC
results. The M17Q+N20P and the M17Q+S29E combinations once again showed
enhanced activity, extending the lag phase and delaying the time taken to reach peak RLU
values by 1 hour (T17) compared to nisin A and the single derivatives (T16) (Figure 5.6.
inset). Of note in this experiment was the impact of the triple peptide combination
(M17Q+N20P+S29E), which further slowed the growth of L. innocua FH1836lux (peak
RLU at T18) beyond that of what was observed using the double combinations. Therefore,
the triple combination was included in the subsequent kill curve assay and food trial
experiments.
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Figure 5.6. Growth curve analysis of L. innocua FH1836lux (inoculated at 103 CFU/ml) in BHI
broth at 37°C in the presence of 8µg/ml nisin A ( black cross), 8µg/ml M17Q (▲ blue triangle),
8µg/ml N20P ( purple square), 8µg/ml S29E ( yellow diamond), 4µg/ml M17Q + 4µg/ml
N20P ( red circle), 4µg/ml M17Q + 4µg/ml S29E ( green square), 2.67µg/ml M17Q +
2.67µg/ml N20P + 2.67µg/ml S29E (▲ orange triangle) and untreated control ( white circle).
Bioluminescence was measured at 37°C for 24h using the IVIS100 imaging system with an
exposure time of 5 minutes and a binning of 8. The inset shows the mean RLU values of L.
innocua FH1836lux in the presence of the nisin A and nisin derivative peptides at T16. Data are
represented as mean relative light units (RLU) ± standard deviation.
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To assess the bactericidal activity of nisin A and the nisin M17Q, N20P and S29E
peptides, both alone and in combination with each other over a defined period of time, L.
innocua FH1836lux (2 x 105 CFU/ml) was exposed to the single peptides (12.5 µg/ml),
double peptide combinations (M17Q+N20P and M17Q+S29E, 6.25µg/ml of each
peptide) and a triple peptide combination (M17Q+N20P+S29E, 4.17 µg/ml of each) for
1h and 3h (Figure 5.7). As the limit of detection of the IVIS100 imager is approx. 1 x 105
CFU/ml and cell numbers were expected to decrease below this level due to the kill effect
of the peptides, plate counts were used for enumeration cells in the kill curve assay. The
use of nisin A alone resulted in 1.3-log reduction (P<0.05) after 1h, with cell numbers
with little regrowth observed after 3h (~0.2-log10 increase). M17Q reduced cell numbers
by 1.1 log10 after 1h with a slight increase (0.2-log10 CFU/ml) observed after the 3h
period, regrowth similar to what was observed with nisin A. In the presence of N20P, an
initial 0.5-log10 decrease was observed in the first hour, however cell counts after 3h were
similar to that of the initial inoculum level (~ 5.3-log10 CFU/ml). A kill effect was not
observed following treatment with S29E, with a 1-log10 increase in cell counts observed
after 3h. In most cases, the killing effect of the nisin derivative peptides was more marked
when used in combination with each other, with cell numbers of L. innocua FH1836lux
significantly reduced (P<0.05) by 2-log and 2.5-log following treatment for 1h with the
M17Q+N20P and the M17Q+N20P+S29E combinations, respectively. However, after 3h
cell numbers increased by around 1.2-log10 CFU/ml with the M17Q+N20P combination,
while just a 0.3-log10 increase was observed with the triple M17Q+N20P+S29E
combination, indicating that the triple combination is most efficient at preventing
regrowth of cells. The exception to this observation was the M17Q+S29E combination,
in which a kill effect was not observed, and cell numbers increased by approx. 1-log10 in
the 3h time period. Cell regrowth over the course of the experiment is most likely as a
result of the concentration of nisin used. Due to the high inoculation level (105 CFU/ml),
a nisin concentration of 12.5µg/ml was not sufficient to kill all Listeria cells. However, a
higher nisin concentration would likely result in rapid cell death and as a result,
differences in the kill effect of the single peptides and the peptide combinations would
not be observed.
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Figure 5.7. Kill curve analysis of L. innocua FH1836lux (2 x 105 CFU/ml) in BHI broth in the
presence of nisin A and nisin derivatives M17Q, N20P and S29E alone (12.5µg/ml), double
combinations of M17Q+S29E and M17Q+N20P (6.25µg/ml of each peptide) and a triple
combination of M17Q+N20P+S29E (4.17µg/ml of each peptide). Samples were incubated at
37°C and enumerated after 1h and 3h by serial dilution in ¼ strength Ringers’ solution and plating
onto BHI agar.

138

Model food trials
When used in a food matrix, nisin can interact with lipids, proteins and enzymes which
often results in a loss of activity (Jung et al., 1992). Having assessed the enhanced activity
of the nisin derivative combinations, we investigated whether this enhanced antimicrobial activity would translate to a food matrix. To this end, the efficacy of nisin A
and the nisin A derivatives M17Q, N20P and S29E alone and in combination with each
other was assessed in chocolate milk, cottage cheese and frankfurters; food vehicles
commonly associated with Listeria contamination and which have been implicated in
listeriosis outbreaks in the past (Hanson et al., 2019; Jackson et al., 2018; Mead et al.,
2006). As no kill effect was observed using the M17Q+S29E combination in the previous
kill curve assay, this combination was excluded from the food trials. Aliquots of each
food matrix were supplemented with the nisin A and nisin derivative peptides (at the same
concentrations as used previously in the kill curve assay), inoculated with L. innocua
FH1836lux (2x105 CFU/ml) and stored at 4°C (refrigeration temperature) and 20°C
(temperature abuse) (Figure 5.8).
In chocolate milk at 20°C, L. innocua FH1836lux grew rapidly, with cell numbers
increasing to 9 log10 CFU/ml in 24h and remained unchanged over the final two days of
the experiment. Differences in growth were not observed regardless of whether the
peptides were used singly or in combination with each. At 4°C, cell numbers of all the
treated samples increased steadily over the 7 days; at days 5 and 6, cell numbers with the
M17Q+N20P combination were approx. 0.8-log10 lower than the wild-type, while a 0.5log10 difference was observed with the M17Q+N20P+S29E combination. However, at
day 7, cell counts of both the single peptide samples and peptide combination samples
continued to increase, whereas no further growth was observed with the wild-type.
In cottage cheese at 20°C, enumeration of samples following inoculation with L. innocua
FH1836lux showed that there was an immediate decrease in cell numbers of the nisin A
and nisin-derivative treated samples, with cell numbers reducing from approx. 5.3 log10
CFU/g to 4.6 log10 CFU/g. Over the course of the 7 days cell counts of each of the treated
samples did not significantly differ from each other, with little to no growth observed at
the end of the experiment. Throughout the experiment, cell counts of the M17Q+N20P
and the M17Q+N20P+S29E treated samples were either higher than, or close to that of
the nisin A treated sample, indicating that the combinations maintained similar activity
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to that of the wild-type in the cheese matrix but were not enhanced. Although L. innocua
FH1836lux survived the environmental conditions of the cottage cheese over the course
of the experiment, scarce amounts of growth were observed and due to the limited amount
of pure peptide material available and the more stringent temperature conditions, the
cheese food trial was not carried out at 4°C.
In frankfurters stored at 20°C, the M17Q+N20P double combination exhibited enhanced
anti-microbial activity compared to any of the peptides used alone, with significant
differences of 1-2 log10 CFU/ml observed over the course of the experiment. The
M17Q+N20P+S29E triple combination also displayed some enhanced activity compared
to the single peptides, however log reductions were less than what was observed with the
double combination, while cell numbers at day 6 were similar to those of the nisin A wildtype and the M17Q, N20P and S29E derivatives. At 4°C, cell numbers of L. innocua
FH1836lux in the presence of nisin A, M17Q, N20P, and S29E peptides decreased by
~0.5-log during the first four days of incubation, after which cell numbers began to slowly
increase up until day 7. A similar scenario was observed with the M17Q+N20P+S29E
triple combination, whereby a reduction of 1-log was obtained during the first two days,
however cell regrowth was observed, and numbers once again increased during the
remainder of the experiment. Like with the triple combination, a 1-log reduction was also
observed after 2 days with the M17Q+N20P double combination, however numbers then
remained static over the course of the 7 days, with an overall increase of <0.5-log. At day
7, final cell counts of L. innocua FH1836lux were approx. 0.8 - 1-log10 less with the
M17Q+N20P double combination (4.4 log10 CFU/ml) than with the triple combination
(5.2 log10 CFU/ml) or the nisin A, M17Q, N20P or S29E peptides used singly (5.2 – 5.4
log10 CFU/ml), and 1.5-log less than the non-nisin-containing positive control. It is
interesting to note that at the same concentrations as used here, the M17Q+N20P+S29E
triple combination was shown to be the most enhanced against L. innocua FH1836lux in
the broth assays, whereas in the frankfurter matrix the M17Q+N20P double combination
was observed to be the most potent.
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Figure 5.8. Growth of L. innocua FH1836lux (2x105 CFU/ml) in the presence of 12.5µg/ml nisin A ( black cross), 12.5µg/ml M17Q (▲ blue triangle),
12.5µg/ml N20P ( purple square), 12.5µg/ml S29E ( yellow diamond), 6.25µg/ml M17Q + 6.25µg/ml N20P ( red circle), 4.17µg/ml M17Q + 4.17µg/ml
N20P + 4.17µg/ml S29E (▲ orange triangle) and untreated control ( white circle) in frankfurter homogenate, chocolate milk and cottage cheese stored at
4°C and 20°C. Data points are the mean ± standard deviation of three biological repeats.
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Discussion
L. monocytogenes is a major cause of foodborne illness with the Centers for Disease
Control (CDC) estimating that approx. 1600 cases of listeriosis occur annually in the U.S.,
resulting in 260 deaths (CDC, 2016). Not only does L. monocytogenes have a detrimental
impact on health, but incidence of the pathogen in food products can lead to major
financial losses for FBOs as a result of disposal of contaminated batches and product
recalls. Thus, it is in the interest of the FBO to ensure compliance with food regulations
and consequently, the identification of novel, natural preservatives to control the growth
of L. monocytogenes in foods is of considerable importance. The use of bacteriocins is
one such approach, with the antimicrobial peptides nisin and pediocin approved for use
as a food preservative in over 60 countries (Fu et al., 2018). Exploitation of the geneencoded nature of bacteriocins has allowed for the generation of variants which may
possess enhanced bioactivity against target pathogens. In our lab, we have created large
banks of bioengineered nisin A derivatives, several of which have displayed enhanced
anti-Listeria activity such as nisin A M21V (Field et al., 2008), SVA (Rouse et al., 2012),
S29A and S29G (Field et al., 2012). These derivatives, along with others which have
exhibited enhanced activity against a range of other Gram-positive pathogens, were
included as part of a rationally selected bank of 36 nisin derivative producing strains used
in this study with the ultimate aim of identifying synergistic combinations.
Agar-based deferred antagonism assays revealed that of the 36 nisin derivative-producing
strains screened, 19 produced significantly larger (P<0.05) zones of inhibition than the
wild-type against the indicator strain L. innocua FH1836lux. The 19 derivatives which
appeared to be enhanced included those previously reported to exhibit more potent antiListeria activity than the wild type (M21A, M21V, S29A, S29G, SVA), along with some
whose bioactivity against Listeria had not yet been investigated. For example, nisin AAA,
AAK, M17Q, M21I, M21K, M21S and PV have all exhibited enhanced activity against
a range of Gram-positive bacteria including Staphylococcus, Streptococcus and
Enterococcus as part of other studies (Field et al., 2018, 2008; Healy et al., 2013; Twomey
et al., 2020), however their activity against Listeria has not been investigated or reported
upon until now. Interestingly, nisin K22T appeared enhanced against the indicator strain
in this study, however Field et al. (2010) reported that the derivative displayed activity
similar to that of the wild-type against L. monocytogenes EGDe which suggests that its
activity may be species-specific.
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As in this study, deferred antagonism assays are routinely used for the identification of
bioengineered nisin derivatives with enhanced activity which can subsequently be
purified by HPLC for further use. However, agar-based deferred antagonism assays are
endpoint assays and do not reveal the impact the bacteriocin has on bacterial growth.
Additionally, the assay reveals the antimicrobial effect of nisin variants individually and
therefore is unsuitable for use in the identification of potential synergistic combinations
of nisin peptide derivatives. Combinations of nisin derivatives could be examined by
performing MIC assays or kill curves, however this would require nisin peptides to be
purified, a process which is time-consuming and costly. A previous study by our lab
demonstrated the effectiveness of Lux technology for monitoring the behaviour of
Listeria in broth and foods in response to changes in pH, water activity and organic acids
(Nyhan et al., 2020). Therefore, in this study we sought to investigate whether the method
could be used to identify the anti-Listeria activity of the bank of nisin derivatives and
subsequently, identify enhanced combinations of bioengineered nisin derivatives. To this
end, we developed a Lux-based assay which investigated the impact of cell-free
supernatants (CFS) obtained from cultures of the nisin-derivative producing L. lactis
strains, both singly and in combination with each other, on the growth of Listeria in broth.
Use of this assay had several advantages over traditional methods. Firstly, using CFS
obtained from overnight cultures of L. lactis derivative producing strains eliminated the
requirement for peptide purification. Secondly, instantaneous bioluminescence
measurements allowed for the impact of the CFS on Listeria growth to be monitored in
real-time, while the use of microtitre plates for the screening process allowed for high
throughput analysis, with a total of 630 combinations assessed in this way. Two potential
combinations were identified at this stage, namely M17Q+N20P and M17Q+S29E.
Initially, the deferred antagonism assay indicated that M17Q was enhanced against L.
innocua FH1836lux, however findings from the lux-based CFS assay showed that when
used singly, M17Q did not exhibit enhanced activity against L. innocua FH1836lux in
broth, a result which was confirmed with the MIC assay using the purified peptide.
Discrepancies between agar-based methods and broth-based MIC assays have been
observed in past studies (Field et al., 2010; Rouse et al., 2012), which can be attributed
to a number of factors including impact on peptide production, altered diffusion rates,
solubility or pH stability. Thus, while deferred antagonism assays are a valuable initial
screen for the identification of potentially enhanced nisin variants, use of the Lux-based
CFS assay as an additional screening tool may be beneficial for determining whether a
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nisin derivative has increased, equivalent or decreased specific activity compared to the
wild-type strain prior to the gold-standard routinely-used MIC assay, which requires
purified peptides.
Several authors have investigated the use of bacteriocin combinations to control L.
monocytogenes, reporting a greater antimicrobial effect when used in combination than
when used alone (Hanlin et al., 1993; Jamuna et al., 2005; Kaur et al., 2013; Öncül and
Yıldırım, 2019; Velusamy et al., 2009; Vignolo et al., 2000). Recently, Lynch et al. (2021)
combined for the first time the class I lantibiotic nisin A with a class II leaderless
bacteriocin (capidermicin), resulting in an additional 2-log decrease in cell counts of both
L. monocytogenes EGDe and F2365 above what was obtained using nisin A alone. To
our knowledge, the current study is the first to report on combinations of bioengineered
nisin derivatives or indeed, any bioengineered bacteriocins. Using purified peptides, sublethal concentrations of the M17Q+N20P and M17Q+S29E nisin derivative combinations
extended the lag phase of the L. innocua FH1836lux growth curve beyond that which was
observed when each of the peptides was used singly, while the M17Q+N20P combination
alone had an enhanced killing effect in the kill curve assay. The inclusion of a triple
combination of M17Q+N20P+S29E served as a control and interestingly, results showed
the triple combination to be more effective in broth than either of the double combinations
under investigation. As the combinatorial screening process had focused solely on double
pairings to reduce the number of CFS combinations to be assessed, the effect of
combining three or more nisin derivatives was not investigated until this point.
Additionally, the current study focused on a bank of 36 nisin derivative producing L.
lactis strains, however given the large banks of nisin variant producing strains generated
in our lab (currently estimated to be approx. 30,000), there are an immense number of
potential combinations which could be explored in future studies, in addition to
investigating the combinatorial effect of three or more different bioengineered nisin
derivatives on bacterial growth.
Although nisin A has been approved as a food-grade preservative, the effect of the food
matrix on the activity of the bacteriocin must be considered. Several studies have shown
that food constituents such as lipids, protein and salt can negatively impact nisin activity
(Daeschel, 1990; Davies et al., 2019; Jones, 1974; Jung et al., 1992), while the food
microbiota can also influence bacteriocin efficacy (Gálvez et al., 2007). In this study, we
investigated the efficacy of the double and triple nisin derivative blends in three different
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food matrices associated with Listeria contamination. Results revealed that the enhanced
activity of the combinations in broth was maintained in frankfurter homogenate stored at
both 4°C and 20° but did not translate to the chocolate milk or cottage cheese matrices.
This is in contrast to other studies which have reported retention of the enhanced activity
of peptides in chocolate milk (Field et al., 2015b; Lynch et al., 2021; Rouse et al., 2012)
and cottage cheese (Lynch et al., 2021), however a similar phenomenon was observed by
Campion et al. (2017), where the enhanced activity of nisin A or nisin V in combination
with carvacrol translated to apple juice, but not infant formula. Despite this, the fact that
the enhanced activity of the nisin derivative combinations is retained in any food matrix
is encouraging, particularly frankfurters which are a high-fat product. Field et al. (2010)
reported similar findings, whereby the enhanced anti-listerial effect of nisin V was also
maintained in frankfurter homogenate. It should also be noted that the inoculum level
used in the food trials (2 x 105 CFU/ml) is much higher than the typical levels of Listeria
detected in contaminated foods (~20 CFU). Interestingly, our results show that the
M17Q+N20P combination was the most potent combination in the frankfurter matrix,
preventing significant regrowth of cells throughout the 7-day period, which contrasts with
the

results

previously

observed

in

broth

whereby

the

triple

combination

M17Q+N20P+S29E was the most enhanced. This, along with the matrix-dependant
activity of the nisin derivative combinations confirms that a ‘one size fits all’ approach is
impractical when developing anti-listerial nisin strategies and underlines the importance
of taking into consideration the environmental conditions of the food matrix, a key point
highlighted by Henderson et al. (2020).
At present, it is not known why the derivatives display enhanced anti-listerial activity, but
it is tempting to speculate.. The M17 residue is located with the C ring, the conformation
of which has been deemed essential for the antimicrobial activity of nisin, suggesting that
the C ring may be involved in specific interactions or may confer membrane-interacting
properties on the molecule (Van Kraaij et al., 2000). Additionally, a recent study using
advanced solid-state nuclear magnetic resonance (ssNMR) identified the flexible regions
of nisin A residues (I4, K12, N20, M21, K22 and S29) as ‘pharmaceutical hotspots’ which
were important for the cellular adaptability of nisin, suggesting that mutations in these
residues could improve bioactivity (Medeiros-Silva et al., 2018). As both the N20P and
S29E peptides used in this study are located at these plastic domains, it is possible that
they may have the required conformational flexibility to allow nisin to adapt to the
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membrane of the target bacteria. Furthermore, the study demonstrated that the hinge
region conformation is coupled to the critical conformation of the C ring,(Medeiros-Silva
et al., 2018), therefore it may be possible that the synergistic activity of the nisin peptide
combinations may be as a result of the combined effect of mutations in multiple
‘hotspots’.
Although bioengineering has been instrumental in the identification and production of
peptides with enhanced antimicrobial activity against foodborne pathogens, some
strategies used to bioengineer bacteriocins result in the nisin derivative-producing strain
being classed as a genetically modified microorganism (GMM). In this case, the
application of such peptides in foods are subject to strict safety regulations laid down by
regulatory bodies such as the FDA or the EFSA (Field et al., 2018). However, if minimal
changes are made to bacteriocin structural genes (e.g. the alteration of a single amino acid
residue) using food-grade strategies, this falls within the definition of self-cloning and
thus the producer strain would not be regulated as a GMM. Field et al. (2010) have
previously created nisin T and nisin V producers through double cross-over homologous
recombination, resulting in more genetically stable producer strains, and ones which have
no heterologous DNA remaining in the construct (Field et al., 2010). Thus,
bioengineering of bacteriocins or producer strains in a food-grade manner is a promising
alternative for potential application of these peptides as food preservatives.
In conclusion, we report the first instance of combining bioengineered bacteriocins,
resulting in the identification of combinations of bioengineered nisin derivatives
(M17Q+N20P, M17Q+S29E and M17Q+N20P+S29E) which exhibited enhanced antilisterial activity in broth compared to their use alone, or to the wild type nisin A.
Furthermore, we demonstrated that the enhanced activity of the M17Q+N20P
combination for the control of L. innocua FH1836lux was maintained in a frankfurter
homogenate at both chill and abusive temperature conditions. These findings suggest that
if incorporated into a food product, enhanced combinations of bioengineered nisin
derivatives could provide a high level of protection against Listeria growth, an attractive
option for food manufacturers who are seeking natural alternatives to artificial
preservatives.
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Abstract
Powdered spices and seasonings are widely used in the food industry as flavouring
ingredients and addition of contaminated raw powder material to other food products may
result in undesirable microorganisms being exposed to a more favourable environment in
which bacterial growth can occur. To reduce the incidence of bacterial contamination,
seasoning ingredients should be subject to a decontamination process. UV-LEDs have
been suggested as an alternative to UV lamps for reducing the microbial load of foods,
due to their increasing efficiency, robustness and decreasing cost. In this study, we
investigated the efficacy of UV-LED devices for the inactivation of four bacteria (Listeria
monocytogenes, Escherichia coli, Bacillus subtilis and Salmonella Typhimurium) on a
plastic surface and in four powdered seasoning ingredients (onion powder, garlic powder,
cheese and onion powder and chilli powder). Petri dish surfaces were inoculated with
each strain and exposed to UV mercury lamps, UVC-LEDs and UVA-LEDs emitting at
wavelengths of 254nm, 270nm and 365nm, respectively. Inactivation of all microbes on
petri dish surfaces to below detectable levels was obtained following treatment with
UVC-LEDs with log reductions comparable to, or better than those observed using the
mercury lamp. Bacterial reductions in the seasoning powders with UVC-LEDs were less
than in the surface inactivation experiments but, significant reductions of 0.75 – 3.5 log10
CFU/g were obtained following longer (40s) UVC-LED exposure times. This study is the
first to report on the efficacy of UV-LEDs for the inactivation of several different
bacterial species in a variety of powdered ingredients, highlighting the potential of the
technology as an alternative to traditional UV lamps used in the food industry.
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Introduction
Microbial contamination of powdered ingredients is not considered a major problem due
to the limitation of growth by the low water activity (aw) value. However, addition of
contaminated raw powder material to ready-to-eat (RTE) foods may result in the
contaminants multiplying to high levels, thus posing a risk to public health. Van Doren et
al. (2013) undertook a review of the Centers for Disease Control and Prevention’s
Foodborne Disease Outbreak Surveillance (CDCs FDOSS) System, finding that between
1973 and 2010, 14 reported foodborne outbreaks that were attributed to the consumption
of contaminated spices, such as red pepper and curry powder, occurred across 10
countries and resulted in 1,946 illnesses, 128 hospitalisations and 2 deaths (Van Doren et
al., 2013). Salmonella enterica and Bacillus cereus were identified as the main causative
agents. 70% of illnesses were attributed to consumption of RTE foods prepared with
spices which were applied after the food manufacturing pathogen reduction step, while in
75% of outbreaks, it was reported that no pathogen reduction step had been applied to the
spice. Furthermore, the authors identified an additional seven spice-related foodborne
outbreaks which lacked microbiological or epidemiological evidence and therefore did
not meet the inclusion criteria of the study, highlighting the probability that the number
of foodborne outbreaks associated with consumption of contaminated spices is underreported (Van Doren et al., 2013). Furthermore, studies have found dried herbs and spices
to be contaminated with various microorganisms including Salmonella spp., Clostridium
perfringens, Escherichia coli, Staphylococcus aureus and Enterobacter spp. at the point
of retail (Moreira et al., 2009; Sagoo et al., 2009; Sospedra et al., 2010). Thus, spices and
seasonings should be subject to a decontamination process in order to protect the
consumer and prevent foodborne disease.
Given the serious consequences of foodborne infection and the economic costs associated
with destroying contaminated batches and product recalls, it is not surprising that food
manufacturers are seeking novel approaches for control of foodborne pathogens. Various
methods have been used to reduce microbial levels in powdered seasonings including
thermal processing and irradiation, however each of these methods has limitations. Due
to the low aw of the powders, dry heat is ineffective for microbial decontamination while
moist heat can alter the characteristics of the powders such as the colour, aroma, and
moisture content (Condón-Abanto et al., 2016). Although irradiation is an effective
method for reducing the microbial load of spices, studies have reported negative impacts
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on the sensory properties of powders such as a change in appearance, difference in aroma
and off-flavours (Duncan et al., 2017; Jung et al., 2015; Lee et al., 2004). Therefore,
alternative decontamination processes are required, one of which could be UVC-LED
radiation.
UV radiation is a well-established method for the reduction or elimination of pathogens
from foods (Holck et al., 2018; Keklik et al., 2012; McLeod et al., 2018; Unluturk et al.,
2010) and has also been used for the decontamination of powdered ingredients such as
flour, powdered infant formula (PIF), black pepper and powdered red pepper (Arroyo et
al., 2017; Cheon et al., 2015; Condón-Abanto et al., 2016; Fine and Gervais, 2004; Ha
and Kang, 2014, 2013; Liu et al., 2012; Nicorescu et al., 2013). The UV spectrum is
subdivided into the UVA (315-400nm), UVB (280-315nm) and UVC (<280nm) ranges,
each with a specific effect on microorganisms. As maximum DNA absorption of UV light
occurs at the peak wavelength of 260-265nm, UVC radiation is usually the most effective
for microbial inactivation (Dai et al., 2012). Because of this, low-pressure (LP) or
medium-pressure (MP) mercury lamps emitting UVC light at a wavelength of 254nm
have traditionally been used for decontamination, however these lamps have several
disadvantages including a relatively large footprint and the requirement of a warm-up
period prior to use (Kim et al., 2016). More importantly, they pose a health risk to
consumers due to the possible exposure of food products to toxic mercury (Hinds et al.,
2019b), and there is a risk of mercury waste accumulation if not disposed of correctly
which can have damaging effects on human health and the environment (Hamamoto et
al., 2007).
UV light-emitting diodes (UV-LEDs) have emerged as an alternative to traditional UV
lamps in recent years. LEDs are composed of layers of semiconductor material which
emit light when an electrical current is applied (Hinds et al., 2019b). UV-LEDs are a more
sustainable source of energy than UV lamps as they don’t use mercury, they can reach
maximum output power instantaneously and are becoming increasingly more efficient
and economically viable as a result of continuous improvements in the technology.
Moreover, their compactness and robustness have highlighted the potential of UV-LEDs
as a cost-effective inactivation technology within the food industry (D’Souza et al., 2015).
In recent years, UV-LED radiation has been applied to liquid beverages such as fruit
juices (Akgün and Ünlütürk, 2017; Lian et al., 2010; Xiang et al., 2020) and solid food
products such as cheese, lettuce, cabbage, tuna fillets and chicken (Aihara et al., 2014;
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Fan et al., 2020; Haughton et al., 2012; Kim et al., 2016) for the reduction of foodborne
pathogens. Despite this, the efficacy of UV-LEDs for the inactivation of bacteria in
powdered ingredients remains largely uninvestigated, and the limited number of
publications focus solely on the inactivation of Salmonella spp. in wheat flour (Du et al.,
2020; Subedi et al., 2020). Therefore, the objective of this study was to firstly compare
the performance of UV lamps and UV-LEDs for the surface inactivation of four
microorganisms (Listeria monocytogenes, E. coli, Bacillus subtilis and Salmonella
Typhimurium) and following this, investigate the efficacy of UVC-LEDs for inactivation
of the bacterial strains in four different seasoning powders.

Materials & methods
UV & UV-LED devices
The UV and UV-LED devices used in this study were assembled by the Centre for
Advanced Photonic & Process Analysis (CAPPA), MTU, Cork, Ireland. Two types of
UV-LED devices were used, emitting at both UVC and UVA wavelengths. The 270nm
UVC LED-based lamps were built around KL265-35R-SM-GD Crystal IS devices
(Crystal IS, New York, USA) and the LEDs were driven at a maximum current rating of
300mA. The 365nm UVA LED-based lamps were built around LED Engin LZ1 UV 365
nm Gen2 Emitter devices (Osram, Munich, Germany) and driven at a maximum current
rating of 1A. For comparison purposes, a traditional 254nm mercury lamp was also
included in the study, based around 100mm low pressure Rexim MCCUV-CV100x8x100 Hg bulbs (Rexim, Massachusetts, USA) with 12VDC INV-1L-12V inverters.
The emission spectra of each was measured using a UVPAD E radiometer (Opstytec Dr.
Groebel, Ettlingen, Germany) (Figure 6.1A). The distance between each of the emitters
and the test samples in this study was set at 20mm for both surface and powder
inactivation experiments (Figure 6.1B).
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Figure 6.1. (A) Emission profiles of the (1) mercury lamp at 254nm; (2) UVC-LED at 270nm;
(3) UVA-LED at 365nm. A and B were measured at 20mm distance while C was measured at
100mm distance. (B) Schematic diagram of the UV-LED experimental set-up.
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Bacterial strains and growth conditions
The strains used in this study were obtained from the MTU Cork culture collection. L.
monocytogenes LO28, Salmonella enterica subsp. enterica serovar Typhimurium (S.
Typhimurium) ATCC 49416 and Bacillus subtilis subsp. Spizizenii (B. subtilis) ATCC
6633 were grown aerobically in Brain Heart Infusion (BHI) broth (LabM, Lancashire,
UK) at 37°C. E. coli DH5αlux contains a plasmid with a kanamycin resistance gene and
was grown at 37°C in Luria-Bertani (LB) broth (LabM, Lancashire, UK) supplemented
with 100µg/ml kanamycin (Merck, Darmstadt, Germany). Stocks of all strains were
maintained at -20°C and -80°C in a final concentration of 40% glycerol (Merck,
Darmstadt, Germany).

UV-LED surface decontamination
A 1ml sample from overnight cultures of each strain was centrifuged at 5000 x g for 10
min, washed and resuspended in an equal volume of ¼ strength Ringers’ solution (Merck,
Darmstadt, Germany). Washed cultures were diluted to a starting concentration of ~10 7
CFU/ml. Sterile cotton swabs were soaked in the standardised cultures and were used to
transfer the inoculum to a small circular area (diameter of 11mm) in the centre of a sterile
petri dish. Inoculated petri dishes were left to dry for 5 minutes, and cultures were reapplied two more times, resulting in an inoculation level of approx. 104 CFU. Following
the final drying step, the inoculated surfaces were exposed to UV (Hg lamp), UVC-LED
and UVA-LED treatment at 254nm, 270nm and 365nm respectively, with exposure times
of 5s, 10s, 20s and 40s corresponding to the doses shown in Table 6.1.

154

Table 6.1: Light intensity data for UV mercury lamp (254nm), UVC-LED (270nm) and UVALED (365nm) measured at 20mm at maximum current using a UVPad E radiometer
Time (s)

UV radiation dose (mJ/cm2)
254nm

270nm

365nm

5

20

16

1700

10

40

32

3400

20

80

64

6800

40

160

128

12600

UVC-LED treatment of powders
Four seasoning powders (garlic, onion, cheese and onion and chilli) were sourced from a
food manufacturing facility and used in the current study. Particle size of the powders
were determined using a Horiba XploRA™ plus confocal Raman microscope. Powders
were dispersed over a standard microscope slide. A mosaic image was created with a 50x
objective over a 2 x 2mm area. The mosaic image was processed using the
ParticleFinder™ module in the Horiba LabSpec 6 software package. The following
imaging processing steps were applied prior to exporting the results: remove edge
particle, fill holes, erode filter: 3 x 3 and close filter: 3 x 3. The aw of the samples was
measured at 25°C using a LabMaster-aw neo water activity meter (Novasina AG,
Switzerland) (Table 6.2). Prior to treatment, presence of the four target microorganisms
in the powder samples was investigated by diluting 1g of powder in 9ml of ¼ strength
Ringer’s solution and plating onto Mannitol Yolk Polymyxin (MYP) agar (Oxoid),
Listeria selective agar (LSA) (Merck, Darmstadt, Germany), Xylose Lysine
Deoxycholate (XLD) agar (LabM, Lancashire, UK) and LB agar supplemented with
100µg/ml kanamycin for selection of B. subtilis, L. monocytogenes, S. Typhimurium and
E. coli, respectively. Samples were also plated onto BHI agar to assess background
microbiota. Powders were inoculated following the method of Callanan et al.(2012). with
some modifications. Briefly, overnight cultures (40ml) of each strain were centrifuged at
10000 x g for 10 min, the supernatant was discarded, and excess liquid removed from the
pellet using a pipette. Pellets were air dried in a biological safety cabinet for 1.5h.
Powders were inoculated by mixing the dried pellet with 10g aliquots of the powders
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using a sterile glass rod until a total of 50g of powder was inoculated, resulting in an
initial population of between 5 and 6 log10 CFU/g. To assess even distribution of the
inoculum, 5 samples were taken from different areas of each inoculated powder samples
and enumerated, with variations (SD) of between 0.2 and 0.4 log10 CFU/g observed.
Samples were stored in containers aerobically at room temperature for at least 48h prior
to use. For treatment, 1g of inoculated powder was spread in a thin layer onto a plastic
surface and exposed to UVC-LED radiation at 270nm for exposure times of 5s, 10s, 20s
and 40s at room temperature.

Table 6.2: Seasoning powder properties
Powder

Particle size (µm)

aw

Garlic

4.64 ± 2.58

0.358

Onion

24.14 ± 14.57

0.336

Cheese & onion

31.24 ± 14.69

0.371

Chilli (large particles)1

55.75 ± 55.28

0.430

Chilli (fine particles)

15.20 ± 20.99

0.430

1

Two particle sizes were measured for chilli powder due to the presence of large and fine particles in the

sample

Bacterial enumeration
Following UV and UV-LED exposure, surviving cells were recovered from the
inoculated petri dishes by soaking fresh sterile swabs in 1ml of ¼ strength Ringers’
solution and swabbing the inoculated area three times. The recovered cells were serially
diluted in 900µl of ¼ strength Ringers’ solution and 100µl aliquots of dilutions were
spread plated onto BHI agar for B. subtilis, L. monocytogenes and S. Typhimurium or LB
agar supplemented with 100µg/ml kanamycin for E. coli DH5αlux. Following UVC-LED
treatment of the powder samples, 1g of each powder was serially diluted in 9ml of ¼
strength Ringers’ solution. As the powders provided were not sterile and contained low
levels of background microbiota (<102 CFU/ml), 100µl aliquots of the sample dilutions
were spread plated onto MYP agar, LSA, XLD agar or LB agar supplemented with
100µg/ml kanamycin for selection of B. subtilis, L. monocytogenes, S. Typhimurium and
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E. coli, respectively. Plates were incubated at 37°C for 48h. Following incubation,
colonies were counted and results were expressed as the mean log10 CFU/ml(g) ± standard
deviation.

Modelling of bacterial inactivation kinetics
Log-linear model
The log-linear model is based on traditional first-order inactivation kinetics. It assumes
that cells have equal susceptibility and that lethality occurs randomly over time during
the inactivation treatment. The model equation is written as follows (Bigelow and Esty,
1920):
𝑁𝑡 = 𝑁0 exp (−𝑘𝑚𝑎𝑥𝐵 · 𝑡)

(1)

Where Nt is the population at time t (CFU/g), N0 is the population at time 0, kmaxB is the
maximum specific inactivation rate (sec-1) and t is the time (seconds)

Biphasic model
Described by Cerf (1977) the biphasic model consists of two phases – an initial log-linear
decrease (first-order kinetics) due to inactivation of a sensitive microbial population,
followed by a second, slower rate of decrease of a more stress-resistant microbial
population (tail):
𝑙𝑜𝑔10 𝑁𝑡 = 𝑙𝑜𝑔10 𝑁0 + 𝑙𝑜𝑔10 (𝑓 · exp(−𝑘𝑚𝑎𝑥1 · 𝑡) + (1 − 𝑓) · exp(−𝑘𝑚𝑎𝑥2 · 𝑡)) (2)
where Nt, N0 and t are as defined above, f and (1 − 𝑓) are the UV resistant and UV
sensitive population fractions, respectively. Kmax1 and Kmax2 (sec-1) are the maximum
specific inactivation rates of the UV sensitive and the UV resistant populations,
respectively.

Weibull model
Due to heterogeneity in a sample, bacterial strains may not always follow first-order
kinetics. Following UV light treatment, inactivation curves generally exhibit a sigmoidal
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shape and may display concavity or convexity behaviours, which can be described by the
Weibull model (Mafart et al., 2002):
𝑡 𝑝

𝐿𝑜𝑔10 𝑁𝑡 = 𝑙𝑜𝑔10 𝑁0 = (𝛿 )

(3)

where Nt, N0 and t are as defined above, δ is the time taken for the first decimal reduction
(seconds) and p is the shape parameter. p<1 represents upward concavity of the curve,
indicating stress adaptation of surviving microorganisms following UV treatment. p>1
represents downward concavity, indicating that the cells become increasingly damaged
with increasing treatment time. p = 1 represents a linear curve.

Geeraerd-shoulder-tail model
Similar to the log-linear model, the Geeraerd model is based on first-order inactivation
kinetics but includes additional parameters for shoulders and tailing (Geeraerd et al.,
2000). The model is described as follows:
𝑁𝑡 = (𝑁0 − 𝑁𝑟𝑒𝑠 ) · exp(−𝑘𝑚𝑎𝑥 · 𝑡)

exp (−𝑘𝑚𝑎𝑥 ·𝑆𝐿)
1+exp((−𝑘𝑚𝑎𝑥 ·𝑆𝐿)−1)exp (−𝑘𝑚𝑎𝑥 ·𝑡)

+ 𝑁𝑟𝑒𝑠

(4)

where Nt, N0 and t are as defined above, Nres is the UV resistant population, kmax is the
maximum specific inactivation rate (sec-1) and SL is the parameter representing the
shoulder length (seconds).
Data fitting was performed using the GInaFiT application version 1.7 (Geeraerd et al.,
2005) in Microsoft Excel. Goodness of fit was determined using the root mean square
error (RMSE) and the adjusted coefficient of determination (Radj2).

Statistical analysis
All experiments were carried out using three biological replicates and data are expressed
as the mean ± standard deviation (SD). CFU data was transformed to log10 prior to
analysis. Statistical analysis was performed using R Studio software. Data was analysed
using one-way analysis of variance (ANOVA) with post hoc comparison using the
Tukeys multiple comparisons test. Asterisks rating of *, ** or *** indicates statistically
significant differences between groups (P ≤ 0.05, P ≤ 0.005 or P ≤ 0.001, respectively).
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Results
UV-LED surface inactivation of microorganisms
Log reductions of each bacterial strain (log CFU) on a plastic surface following exposure
to UV, UVC-LED and UVA-LED sources at wavelengths of 254nm, 270nm and 365nm,
respectively, are shown in Figure 6.2. Results showed that cell numbers of all four strains
were significantly reduced following 5s exposure to the traditional 254nm mercury lamp
(P<0.05), with E. coli, B. subtilis and S. Typhimurium reduced below the limit of
detection (10 CFU) after 10s exposure, and L. monocytogenes after 20s exposure. Similar
to the mercury lamp, a 5s exposure to the UVC-LED also resulted in a significant decrease
in cell numbers of all strains (P<0.05). Reductions of. 2.2 and 3.8 log10 CFU were
observed for L. monocytogenes and E. coli respectively, while B. subtilis (Fig. 6.2C) and
S. Typhimurium (Fig. 6.2D) proved the most susceptible to UVC-LED inactivation, with
cell numbers reduced to below the detection limit, a reduction of over 4 log10 CFU for
each strain. A 10s UV-LED exposure was sufficient for complete inactivation of E. coli
cells, while L. monocytogenes again proved to be the most tolerant of the four strains,
requiring a longer exposure time of 20s for inactivation. In most cases, treatment of
bacteria with the UVC-LEDs resulted in significantly higher log reductions than those
obtained following treatment with the mercury lamp. The only exception to this was the
5s treatment of L. monocytogenes, whereby cell numbers were reduced to similar levels
(P>0.05) following exposure to both the mercury and the UVC-LED lamps (Fig. 6.2A).
Of the three lamps tested, the 365nm UVA-LED was the least effective for bacterial
inactivation. Following 40s exposure, reductions of approx. 1.07, 0.83 and 1.12 log10
CFU were observed for L. monocytogenes, E. coli and S. Typhimurium respectively,
while the lamp had little to no effect on B. subtilis, with ≤0.1 log10 reduction observed.

159

Figure 6.2: Mean log CFU values of (A) L. monocytogenes; (B) E. coli; (C) B. subtilis; (D) S. Typhimurium following exposure to UV light at wavelengths
of 254nm (white bars) and UV-LED light at 270nm (grey bars) and 365 nm (black bars) on a plastic petri dish surface. Error bars represent the standard
deviation of replicate experiments. Absence of a bar indicates that bacteria were reduced to below detection level (10 CFU). *** denotes P ≤ 0.001, **
denotes P ≤ 0.005, * denotes P ≤ 0.05.
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UVC-LED inactivation of microorganisms in powdered ingredients
Findings from the surface inactivation experiments showed that the performance of the
270nm UVC-LED lamp was significantly superior to that of the 365nm UVA-LED lamp,
and resulted in bacterial reductions which were comparable to, or in most cases, better
than those obtained using the mercury lamp. Therefore, only the UVC-LEDs were utilised
in the powdered ingredient inactivation experiments. Bacterial enumeration of
uninoculated powder samples indicated that the four target microorganisms were not
present in the powders at quantifiable levels, while low cell numbers of background
microbiota were present (<102 CFU/g). Inactivation curves of the four bacteria in each of
the four seasoning powders are shown in Figure 6.3. Results showed that the levels of
inactivation observed in the powders were less than observed previously in the surface
inactivation experiments, while the choice of powder appeared to have an impact on
bacterial inactivation. In particular, cells were more susceptible to UVC-LED light in
cheese & onion powder rather than the onion or garlic powders. For example, following
a 5s UVC-LED treatment, cell numbers of all four strains in the cheese & onion powder
were reduced by between 1- 2 log10 CFU/g, however a significant difference was not
observed in either the onion or garlic powders under the same conditions (P > 0.05). This
is particularly evident in the case of L. monocytogenes, whereby a 20s exposure time was
required to reduce recoverable cell numbers in onion powder and garlic powder to the
same levels obtained with a 5s exposure in cheese & onion powder (Fig. 6.3A).
Additionally, the highest overall level of inactivation was observed in cheese & onion
powder, where E. coli was reduced by 3.4 log10 CFU/g following 40s exposure. In chilli
powder, despite a significant reduction in cell numbers for all four strains following 40s
treatment (between 0.75 – 1.3 log10 CFU/g), the overall levels of inactivation were
markedly lower than those observed in the other three powders. Inactivation of all four
strains in both onion and garlic powders demonstrated both shoulder and tailing phases,
whereby little or no decrease in cell numbers was observed within the first 5-10s of
treatment (shoulder), followed by a significant reduction after 20s of UVC-LED treatment
(between 1.3 – 2.6 log10 CFU/g, depending on the strain and powder), and a final phase
thereafter where inactivation slowed down and only gradual decreases of approx. 0.5-1
log10 CFU/g were observed (tail). In contrast, shoulders were not observed during
inactivation of any of the strains in cheese & onion powder, with inactivation curves
exhibiting a concave shape, some with tailing (L. monocytogenes) and others in which
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significant bacterial log reductions were observed even during final 20s of treatment (E.
coli, B. subtilis and S. Typhimurium).
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Figure 6.3. Inactivation curves of (A) L. monocytogenes; (B) E. coli; (C) B. subtilis; (D) S. Typhimurium following exposure to UV-LED light at 270nm for
5s, 10s, 20s and 40s in garlic powder (), onion powder (), cheese & onion powder () and chilli powder (x). Data are represented as the mean ± standard
deviation for three biological replicate
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Model fitting
Thermal treatment is the most commonly-used inactivation treatment in the food industry
and as a result, the kinetics of thermal inactivation have been well studied. In contrast,
the kinetics of microbial inactivation on food products by UV and UV-LED light is not
well understood, therefore fitting of the inactivation data to mathematical models allows
for a more comprehensive understanding of UV-LED inactivation kinetics which will
ultimately assist in the successful implementation of this technology in the food industry.
As the inactivation curves demonstrated that the inactivation profiles of the strains
differed depending on the powder in which they were inoculated into, data were fitted to
four different inactivation models to obtain inactivation parameters (Table 6.3), while the
goodness of fit of each model was assessed using the R2adj and RMSE values (Table 6.4).
The bacterial strains generally showed non-linear behaviour; therefore, the log-linear
model was a poor fit for the data in most of the conditions. For example, fitting of the
model to data obtained from L. monocytogenes in cheese & onion powder resulted in R2adj
and RMSE values of 0.514 and 0.787, respectively, with similar results obtained for S.
Typhimurium in onion powder (R2adj = 0.575, RMSE = 0.742) and garlic powder (R2adj =
0.629, RMSE = 0.627). There were some exceptions to this observation, as fitting of the
model to data from both L. monocytogenes and B. subtilis in garlic powder resulted in
R2adj values of >0.9, while the model was the statistical best fit for S. Typhimurium in
chilli powder (R2adj = 0.884, RMSE = 0.088), indicating that a minority of strains did
display linear inactivation kinetics. The second model investigated was the biphasic
model – this assumes the presence of two populations in the matrix, a major population
which is more susceptible to UV-LED light and is inactivated initially (kmax1), followed
by a minor population which is more resistant to UV-LED light (kmax2). Thus, curves
which show a sharp initial decline followed by a tailing phase are generally described
well by the biphasic model, and the results from this study show agreement with this. The
highest kmax1 values were obtained for the four bacterial strains in cheese & onion powder,
due to the steep decline which can be observed in the initial part of the inactivation curves,
followed by a tailing phase. In contrast, curves which displayed a shoulder phase such as
L. monocytogenes in onion powder resulted in lower kmax values, indicating that the UVLED exposure did not inactivate the bacterium as well under these conditions and an
initial delay in activation was observed highlighting the enhanced resistance to UV-LED
light and the initial delay in inactivation in this powder. In cheese and onion powder, the
164

biphasic model was the statistical best fit for L. monocytogenes (R2adj = 0.975, RMSE =
0.180) and B. subtilis (R2adj = 0.942, RMSE = 0.217) data, while the behaviour of E. coli
(R2adj = 0.937, RMSE = 0.316) and S. Typhimurium (R2adj = 0.968, RMSE = 0.199) in
this powder were best described using the Weibull model. The Geeraerd-shoulder-tail
model, which describes inactivation curves which show both a shoulder and a tailing
phase, was the statistical best fit for all of the strain data in both garlic powder and onion
powder. The model showed that L. monocytogenes in onion powder displayed the longest
shoulder time of 17.39 seconds, indicating the increased resistance of the bacteria to UVLED treatment in this powder, similar to results from the biphasic and Weibull model
demonstrated. Interestingly, while this model showed the best goodness-of-fit for both
the garlic and onion powder data, the model could not be fitted to any of the data obtained
in the cheese & onion powder, or to the L. monocytogenes and E. coli data in chilli
powder. The correlation between experimentally observed bacterial log reductions and
those predicted by the best-fitting model for each of the four powders is illustrated in
Figure 6.4.
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Table 6.3. Inactivation parameters of the log linear, biphasic, Weibull and Geeraerd-shoulder-tail models for inactivation of bacterial strains in garlic, onion,
cheese & onion and chilli powders.
Powder

Microorganism
Log-linear
Kmax

Garlic

Onion

Cheese & onion

Chilli

1

L. monocytogenes
E. coli
B. subtilis
S. Typhimurium
L. monocytogenes
E. coli
B. subtilis
S. Typhimurium
L. monocytogenes
E. coli
B. subtilis
S. Typhimurium
L. monocytogenes
E. coli
B. subtilis
S. Typhimurium

0.17 (0.02)1
0.15 (0.03)
0.16 (0.01)
0.13 (0.03)
0.14 (0.02)
0.16 (0.02)
0.13 (0.02)
0.14 (0.03)
0.13 (0.03)
0.18 (0.02)
0.13 (0.02)
0.16 (0.02)
0.05 (0.02)
0.07 (0.01)
0.05 (0.01)
0.04 (0.01)

Biphasic
Kmax1
0.24 (0.07)
0.41 (0.10)
0.34 (0.08)
0.22 (0.12)
0.25 (0.16)
0.28 (0.07)
0.51 (0.07)
1.01 (0.10)
0.53 (0.14)
0.68 (0.20)
0.82 (0.17)
0.61 (0.57)
5.24 (0.20)
0.13 (0.09)
-

Kmax2
0.00 (0.57)
0.02 (0.05)
0.00 (0.05)
0.00 (0.39)
0.07 (0.22)
0.03 (0.05)
0.00 (0.03)
0.04 (0.01)
0.11 (0.03)
0.08 (0.01)
0.10 (0.01)
0.02 (0.02)
0.06 (0.01)
0.00 (0.07)
-

Values in brackets represent the standard error of the means
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Inactivation model
Weibull
δ
10.00 (0.296)
5.37 (3.63)
17.39 (2.21)
7.47 (5.11)
14.78 (6.74)
11.03 (5.40)
7.95 (3.94)
2.52 (2.34)
1.48 (1.79)
3.22 (1.26)
4.82 (1.72)
2.15 (0.72)
18.05 (17.26)
31.86 (4.69)
39.01 (8.74)
62.41 (8.45)

p

0.80 (0.15)
0.54 (0.16)
1.17 (0.05)
0.56 (0.19)
0.88 (0.33)
0.82 (0.26)
0.57 (0.15)
0.39 (0.12)
0.26 (0.09)
0.50 (0.07)
0.43 (0.07)
0.39 (0.04)
0.22 (0.13)
0.79 (0.17)
0.62 (0.17)
0.86 (0.19)

Geeraerd-shoulder-tail
SL
Kmax
7.19 (2.30)
6.10 (1.74)
11.33 (1.59)
9.19 (1.62)
17.30 (1.27)
14.45 (19.78)
5.11 (1.71)
4.04 (0.56)
7.57 (3.12)
2.57 (1.58)

0.36 (0.06)
1.12 (0.44)
0.34 (0.05)
3.72 (0.35)
2.45 (1.15)
1.19 (4.22)
0.47 (0.14)
0.91 (0.10)
0.24 (0.11)
0.04 (0.20)

Table 6.4. Goodness of fit parameters of the log-linear, biphasic, Weibull and Geeraerd-shoulder-tail models for inactivation of bacterial strains
in garlic, onion, cheese & onion and chilli powders.
Powder

Microorganism
Log-linear
RMSE

R2adj
Garlic

Onion

Cheese & onion

Chilli

2

Inactivation model
Biphasic
Weibull
2
2
R adj
RMSE
R adj
RMSE

Geeraerd-shoulder-tail
R adj
RMSE
2

L. monocytogenes
E. coli
B. subtilis
S. Typhimurium
L. monocytogenes
E. coli
B. subtilis
S. Typhimurium
L. monocytogenes
E. coli
B. subtilis

0.902
0.684
0.959
0.629
0.720
0.761
0.738
0.575
0.514
0.834
0.789

0.357
0.645
0.205
0.627
0.533
0.567
0.487
0.742
0.787
0.514
0.413

0.928
0.857
0.880
0.756
0.789
0.908
0.929
0.975
0.929
0.942

0.305
0.433
0.357
0.497
0.531
0.289
0.303
0.180
0.336
0.217

0.906
0.766
0.962
0.701
0.701
0.752
0.812
0.771
0.868
0.937
0.935

0.349
0.555
0.197
0.563
0.550
0.577
0.413
0.545
0.410
0.316
0.229

0.9472
0.938
0.985
0.982
0.986
0.987
0.956
0.979
-

0.261
0.286
0.121
0.137
0.121
0.130
0.200
0.164
-

S. Typhimurium

0.788

0.510

0.967

0.202

0.968

0.199

-

-

L. monocytogenes

0.368

0.413

0.576

0.339

0.616

0.322

-

-

E. coli

0.876

0.160

0.879

0.158

0.874

0.161

-

-

B. subtilis

0.746

0.199

0.851

0.152

0.787

0.182

0.827

0.164

S. Typhimurium

0.884

0.088

0.863

0.096

0.877

0.091

0.863

0.096

Values highlighted in bold represent the best fitting model for each bacteria in each powder
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Figure 6.4. Correlation between experimentally observed log reductions and predicted log reductions of L. monocytogenes (), E. coli (), B. subtilis ()
and S. Typhimurium (x) as predicted by (A) the biphasic model, in cheese & onion powder; (B) the Geeraerd-shoulder-tail model, in garlic powder; (C) the
Geeraerd-tail model, in onion powder and (D) the biphasic model, in chilli powder.
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Discussion
The objective of this study was to investigate the use of UV-LED devices for inactivation
of four microorganisms in powdered seasoning ingredients. Initially, the efficacy of both
UVC-LED (270nm) and UVA-LED (365nm) devices for bacterial inactivation was
investigated on a plastic surface, while a traditional mercury lamp was included for
comparison purposes. Results showed that the UVC-LED was at least as effective or in
some cases, more effective than the mercury lamp. Kim et al. (2016) reported similar
findings, observing significantly higher reductions of E. coli O157:H7 in microbiological
media with UV-LEDs emitting at 266nm compared to a mercury lamp. As the maximum
DNA absorption of UV-C occurs in the peak wavelength of 260-265nm, increasing the
wavelength beyond 254nm may result in increased bactericidal efficiency. As in the
current study, Kim et al. (2016) demonstrated that UV-LED emission at 270nm is also
effective for bacterial inactivation, while other researchers have found similar success
with UV-LEDs at wavelengths of 260nm (Sholtes et al., 2016), 275nm (Shin et al., 2016)
and 280nm (Akgün and Ünlütürk, 2017; Cheng et al., 2020; Hinds et al., 2019a). This
highlights the advantage of using UV-LEDs which can be designed to produce specific
wavelengths instead of mercury lamps which can only emit at a single wavelength of
254nm.
A study by Santos et al. (2013) investigating the effect of different wavelengths (UVA,
UVB and UVC) on the inactivation of nine different bacterial isolates in media reported
that UVC light was more effective for bacterial inactivation, with the highest survival
rates observed following UVA exposure. Results from the present study are in agreement
with this, with just a 1-log reduction of L. monocytogenes, E. coli and S. Typhimurium
obtained following UVA-LED exposure. Furthermore, UVA-LEDs did not significantly
reduce cell numbers of B. subtilis, similar to results observed by Hinds et al. (2019a).
Although some studies have reported significant bacterial reductions in liquids and on
food surfaces following UVA-LED treatment (Aihara et al., 2014; Hamamoto et al., 2007;
Lian et al., 2010; Lui et al., 2016), exposure times of 30-180 mins were required,
highlighting the time impracticalities of UVA-LED inactivation.
The Gram-positive pathogen L. monocytogenes appeared to be more difficult to eradicate
on the plastic surface by UVC-LED radiation, requiring 64 mJ/cm2 of UVC exposure for
complete inactivation, compared to the Gram-negative E. coli and S. Typhimurium strains
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which required just 32 mJ/cm2 and 16 mJ/cm2, respectively. It has been reported that
Gram-positive microorganisms tend to be more UV-resistant, requiring higher UV
dosages than Gram-negative bacteria for inactivation. Gabriel and Nakano (2009) found
that L. monocytogenes was significantly more resistant to UV treatment than E. coli and
S. Enteritidis, with similar observations made by Shin et al. (2016). According to Gayán
et al. (2014), differences between the UV-resistance of species can be attributed to several
factors including cell wall thickness, cell size and DNA repair efficiency. In our study, B.
subtilis was inactivated on the petri dish surface following 40mJ/cm2 of UV exposure,
whereas studies in the literature have reported that UV doses of between 55 and 80
mJ/cm2 were required for similar reductions (Chen et al., 2009; Mamane et al., 2009;
Wang et al., 2010). The discrepancy between our study and published values is most
likely because the UV inactivation experiments in those studies were performed in water
rather than on a surface, and authors used spore suspensions of B. subtilis in contrast to
the vegetative cells used in the present study.
Although UV radiation is well established for disinfection of air, water and food surfaces,
there are few published studies describing the application of the process for inactivation
of microbes in powdered foods, and data is even more limited regarding the use of UVLEDs for this purpose. We found just two studies in the literature which investigated the
efficacy of UV-LEDs for the inactivation of bacteria in low aw foods, both of which
focused on Salmonella spp. in wheat flour (Du et al., 2020; Subedi et al., 2020). Subedi
et al. (2020) obtained reductions of 1.07, 2.42, 3.67 and 2.64 log10 CFU/g of Salmonella
spp. following treatment at wavelengths of 275, 365, 395 and 455nm, respectively, while
Du et al. (2020) observed a 2.91-log10 reduction in cell counts of Salmonella exposed to
UVA-LEDs at 395nm, however treatment times of 60min were required. In the current
study, overall reductions of 0.75 – 3.5 log10 CFU/g were obtained after a short treatment
time of 40s. In comparison, Liu et al. (2012) obtained a 1.38-log reduction of C. sakazakii
in PIF following 25 min of UV treatment while Condón-Abanto et al. (2016) observed
approx. 2.5 log10 reductions of S. Typhimurium in flour after 10 mins of treatment. Ha
and Kang (2014, 2013) also reported similar log decreases, however this was as a result
of the synergistic effect of the simultaneous application of near-infrared-heating (NIR)
and UV radiation and 7 mins of treatment was required. Overall, this highlights the
efficiency of the UVC-LEDs used in this study and their potential as an alternative to
mercury lamps for bacterial inactivation in powders.
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Inactivation levels in the powdered ingredients in this study were less than what were
previously observed in the surface decontamination experiments, while the choice of
seasoning powder also impacted bacterial behaviour, with strains appearing to be most
and least susceptible to UVC-LED inactivation in cheese and onion powder and chilli
powder, respectively. Other studies have also shown the efficacy of UV treatment to be
dependent on the matrix (Fan et al., 2020; Fenoglio et al., 2020; Holck et al., 2018; Keklik
et al., 2012; Stoops et al., 2013), with differences commonly attributed to the ingredient
composition and the chemical and physical properties of the food. Particle size of the food
sample is one such characteristic which can impact UV-LED inactivation of
microorganisms. UV light penetration of powders is difficult due to the shadowing effect
of food particles which protects the bacterial cells from complete exposure, while
bacterial cells can also protect each other from UV light (Stoops et al., 2013), a
phenomenon which has been observed in several studies (Condón-Abanto et al., 2016;
Ha and Kang, 2014, 2013; Liu et al., 2012). As the particle sizes of the powders used in
this study are generally larger than the typical cell size of each of the target
microorganisms it is plausible that the crevices and cavities on the surface of the powders
shielded a subpopulation of the microbial cells from the UVC light. Furthermore, the
chilli powder used in the present study contained large spice particles which measured
approx. 12-fold, 2.3-fold and 2-fold larger than the garlic, onion and cheese and onion
particles, respectively, thus it is likely that those particles physically shielded both the
finer spice particles and the bacterial cells from the UVC-LED light, resulting in the
lowest bacterial inactivation rates of all powders tested. Condón-Abanto et al. (2016)
addressed the problem of shielding in flour by decreasing the sample size from 100g to
1g and 0.1g which resulted in an increase in inactivation levels, most likely due to the
reduction in the number of particles capable of producing a shadow effect. Ha and Kang
used a rotational mixer during UV radiation of E. coli and S. Typhimurium in red pepper
powder (Ha and Kang, 2013) and C. sakazakii in PIF (Ha and Kang, 2014) with the aim
of increasing the contact surface area of the UV light on the particles. However, in this
study we did not observe any significant differences in log reductions obtained in samples
which were agitated/stirred during UV-LED treatment (data not shown).
The four powder samples also differed in terms of their aw values, however there is little
data available in the literature as to whether aw has a major impact on the efficacy of
UV/UV-LED treatment in low aw foods. Arroyo et al. (2012) demonstrated that the
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lethality of UVC radiation on C. sakazakii was independent of aw (0.94 – 0.99), while
Condón-Abanto et al. (2016) reported that no impact on the lethality of UV-C light was
observed in media with aw values of 0.80 – 0.99. Similar results were observed by Gayán
et al. (2012, 2011), however all of those studies were performed in liquid media. Bang et
al. (2018) reported that the efficacy of a combined UV-C and plasma treatment for
decontamination of black pepper was not affected by the aw of the powder, while Fine
and Gervais (2004) demonstrated that no difference in pulsed UV light inactivation of
dried Saccharomyces cerevisiae cultures was observed at aw values of 0.3 and 0.6. These
results suggest that in the current study, the difference in UVC-LED inactivation rates
between the four powders may not be due to aw, but more likely other factors such as the
particle size of the powders, as previously discussed. However, as data regarding the
relationship between aw and UV-LED inactivation is scarce, further work could be
undertaken to address this issue.
Fitting of inactivation models to the data confirmed that the bacteria did not show linear
behaviour during inactivation, with both shoulders and/or tails observed in most curves.
There are several reasons as to why a shoulder phase may be present in an inactivation
curve. If the microorganisms are present in clumps, the length of the shoulder corresponds
to the time taken for all of the organisms in a clump to be killed (Cerf, 1977).
Alternatively, the shoulder represents a time period during which the bacterial cells can
resynthesise a vital component (DNA, enzymes, membrane) until the rate of synthesis
cannot exceed the rate of destruction, resulting in cell death. Moreover, several of the
same critical molecules, or several different critical molecules may need to be inactivated
(multiple target phenomenon) and this type of damage is normally cumulative rather than
instantly lethal, hence the occurrence of a shoulder phase (Geeraerd et al., 2000). A
number of studies have observed inactivation curves with shoulders following UV
treatment of microbes in culture media (Condón-Abanto et al., 2016; Gayán et al., 2013;
Lasagabaster and Martínez de Marañón, 2013) and liquid foods such as fruit and
vegetable juices (Arroyo et al., 2012; Fenoglio et al., 2020; Gayán et al., 2012a; Gouma
et al., 2015). However, shoulders are not common to all inactivation curves in the
literature and to our knowledge, have not yet been reported following UV inactivation of
powdered food ingredients. As each study differs in their choice of UV device and
treatment protocol, it is possible that the presence/absence of a shoulder may be
dependent on the UV-LED dosage. For example, Liu et al. (2012) did not observe
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shoulders following the inactivation of C. sakazakii in PIF, however the authors used
UVC doses of 1210-7280 mJ/cm2, while Arroyo et al. (2017) obtained log reductions of
approx. 1-2 log10 CFU/g in PIF initially following the lowest UV dosage of 1178 mJ/cm2.
Similarly, Condón-Abanto et al. (2016) reported inactivation levels of >1.5 log10 CFU/g
of S. Typhimurium in flour during the first minute of UVC treatment, corresponding to
480 mJ/cm2. Thus, it is possible that the absence of a shoulder in these studies may be
due to the authors using a higher initial UV dosage than in the current study, leading to
significant reductions in cell numbers during the early stages of the inactivation treatment.
Furthermore, some studies demonstrating the use of UV radiation for powders report
bacterial log reductions following a single UV treatment (Cheon et al., 2015; Nicorescu
et al., 2013; Stoops et al., 2013) rather than measuring the effect of an increase in UV
dosage over time therefore it is unknown as to whether a shoulder phase would have been
present or absent during the initial inactivation stage at a lower UV dose. The tailing
phenomenon observed in the inactivation curves indicates that although most of the cells
have been inactivated, there remains a subpopulation which may be inaccessible or does
not receive the same lethal dose (Cerf, 1977). This is most likely due to the previously
described shadowing effect of the powder particles preventing complete UV penetration
and subsequently, the survival of a small population of cells.
In conclusion, we have demonstrated the potential of UVC-LEDs as an alternative to
traditional UV lamps for bacterial inactivation. UVC-LED emission at 270nm was just as
effective or in some cases more effective than the 254nm mercury lamp for surface
decontamination of four bacterial strains. There is limited data available regarding the use
of UV-LEDs in powdered foods and although previous studies have investigated the
efficacy of UV-LEDs for inactivation of Salmonella spp. in wheat flour, to our knowledge
the current study is the first to report the effect of UV-LEDs on four different bacteria in
a range of different powdered ingredients. Results showed that bacterial numbers in each
of the four powders were reduced significantly in 40s, highlighting the power and efficacy
of UV-LEDs lamps in comparison to their mercury counterparts.
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Listeria monocytogenes is a foodborne pathogen which causes listeriosis, a mild disease
for healthy individuals but one which can be lethal for young children, the elderly,
pregnant women and immunocompromised individuals. Although the incidence of
listeriosis infections is moderately low in comparison to other foodborne diseases, the
mortality rate of infected individuals in sensitive populations is high (20-30%). Listeria
spp. are ubiquitous in nature, and this, coupled with the ability of the pathogen to tolerate
cold temperatures, low pH and high salt concentrations makes L. monocytogenes a major
concern in the food industry. This is particularly problematic for producers of ready to
eat (RTE) food products which do not undergo cooking or heating by the consumer prior
to consumption. Contamination of foods with L. monocytogenes can be reduced by the
implementation of effective control measures.
Food manufacturers are constantly seeking novel preservation and processing methods
with the overall aim of reducing microbial levels in foods and improving food quality and
safety. To investigate the efficacy of a particular preservation strategy, microbiological
challenge tests are performed, giving insight as to whether a food can support the growth
of the target microorganism under expected storage conditions. Challenge tests are
usually performed using the traditional culture-based technique of plate counts, a method
which is considered the ‘gold-standard’ but one which is also tedious, time-consuming
and laborious. Thus, alternative methods which are rapid, sensitive and less labourintensive are desirable. Such methods are reviewed in Chapter I of this thesis, with a
focus on non-invasive bacterial enumeration techniques which offer advantages over
traditional methods such as the potential for automation, real-time measurements,
increased reproducibility and high-sample throughput. An overview of the characteristics
of each method is provided with reference to relevant studies in which the technique has
been utilised, and the suitability of alternative methods for use in microbiological
challenge tests is assessed.
Data from challenge studies should be used in the development and validation of
mathematical models for predicting the behaviour of a pathogen in response to changes
in environmental conditions (predictive microbiology). However, these models are often
developed using data from experiments performed in laboratory media and not real food
matrices which can result in discrepancies between predicted and experimentally
determined growth rates. In Chapter II of this thesis, a model was developed for
predicting the growth of Listeria in RTE foods under varying conditions of pH (4.7 –
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5.3), aw (0.93 – 0.96) and acetic and propionic acid concentrations (0 – 2 mM). A bespoke
secondary gamma model was constructed using data gathered from ComBase, the
literature and industry sources including challenge studies. The model was validated in
media (BHI broth) and real food matrices (zucchini purée and béarnaise sauce) and the
model performance was evaluated by comparing predicted growth rates to measured
growth rates. The results showed that in general our model under-estimated growth of
Listeria in BHI broth and conversely, over-estimated growth of Listeria in the food
matrices. Moreover, the organic acid component of the model appeared to be a source of
inaccuracy. This study was the first to report on modelling of the inhibitory effect of
propionic acid on Listeria in combination with other hurdles, and our findings highlight
the importance of model validation in real foods.
Chapter III investigated the use of indirect impedance as an alternative method for
determining growth rates of Listeria in food matrices. This method has been used
previously for the detection and enumeration of bacteria in food, however there is limited
data available regarding its ability to accurately determine growth rates and measure the
efficacy of hurdle combinations in foods. To this end, we evaluated the suitability of the
technique to measure growth rates of L. innocua in BHI broth, zucchini purée and
béarnaise sauce under varying conditions of pH, water activity and organic acid
concentrations. Growth was measured by means of CO2 emissions using the R.A.B.I.T.
system. A total of 72 experiments were performed (24 conditions in each of the three
matrices) and of these, growth rates were determined for a total of 17 conditions – 11
conditions in BHI broth, 4 conditions in zucchini purée and 2 conditions in béarnaise
sauce. Although a high level of correlation (R2 > 0.82) was observed between TTD and
initial inoculum in these conditions, the R.A.B.I.T system failed to detect growth or
determine growth rates for ~75% of experimental conditions investigated. Comparison of
the impedance-determined growth rates to growth rates obtained using plate counts
indicated that in general, the R.A.B.I.T. system under-estimated growth of Listeria. In a
previous study by our group, growth rates of various foodborne pathogens were
determined for 80% of the conditions investigated, indicating that the technology can be
utilised for measuring bacterial growth in food matrices (Johnson et al., 2014). However,
the results from this study show that its usefulness is limited to foods in which growth
rate of the target microorganism is not significantly reduced by environmental conditions
such as low pH or high acid concentrations.
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Following on from this, Chapter IV evaluated bioluminescence as an alternative
technology for determining growth rates of Listeria in food. Bioluminescence is the
production and emission of light from an organism. Five L. innocua stains were
transformed with the pPL2luxPhelp plasmid, resulting in a collection of Lux-tagged strains.
Growth rates of a cocktail of Lux-tagged L. innocua strains in BHI broth, zucchini purée
and béarnaise sauce, under the same conditions described in Chapter IV, were determined
using both bioluminescence and viable plate counts. Overall, growth rates were
determined for 72% and 89% of conditions using bioluminescence and viable plate
counts, respectively, while statistical analysis revealed that growth rates determined by
bioluminescence did not differ significantly from those determined using plate counts (P
> 0.05). Under the more stringent conditions e.g. aw 0.96 combined with pH 4.7, light
emission was not detected despite the L. innocua cocktail growing to high numbers,
suggesting that bioluminescence is not suitable for measurement of bacterial growth rates
in some limited environmental conditions. This study was the first to report on the use of
bioluminescence as a method for measuring bacterial growth rates, while our findings
highlight the potential of the method as an automated rapid, non-invasive alternative to
plate counts.
In Chapter V, the effect of combinations of bioengineered nisin derivatives on the growth
of Listeria in broth and model food systems was investigated. A bank of 36 rationally
selected nisin derivative producing L. lactis strains was assembled and a Lux-based broth
assay was developed which investigated the inhibitory effect of each of the nisin
derivative producing strains, alone and in combination, on L. innocua. Of the 630
combinations screened, two appeared to have enhanced activity when used together
compared to when used alone or compared to the wild type nisin A strain. Using purified
peptides, the double combination M17Q+N20P and the triple combination
M17Q+N20P+S29E retained their enhanced anti-listerial activity in broth. Remarkably,
the enhanced activity of the M17Q+N20P was also maintained in a high fat food matrix
(frankfurter homogenate) at both 4°C and 20°C. To our knowledge, this study is the first
to investigate the combinatorial effect of bioengineered bacteriocins, with our findings
highlighting their potential for the control of Listeria in foods.
Chapter VI investigated the use of ultraviolet light-emitting diodes (UV-LEDs) as an
alternative to traditional UV mercury lamps for the inactivation of L. monocytogenes and
three other bacteria (E. coli, S. Typhimurium and B. subtilis) in powdered food
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ingredients. Initially, inactivation experiments were carried out on a plastic petri dish
surface to assess the efficacy of a UVA-LED, a UVC-LED and a UV mercury lamp
emitting at wavelengths of 365nm, 270nm and 254nm, respectively. All microbes were
inactivated to below detectable levels, while inactivation levels observed with the UVCLED were similar to, or better than those obtained using the traditional lamp. Following
this, UVC-LED inactivation of the target microorganisms in four different seasoning
powders was investigated. Overall, significant reductions of 0.75 – 3.5 log10 CFU/g were
observed after 40s of treatment. Limited studies are available in the literature describing
the use of UV-LEDs for inactivation of bacteria in powders, and this is the first study to
report the effect of UV-LEDs on four different microorganisms in a range of different
powdered seasoning ingredients.
In conclusion, this body of work investigated the use of predictive microbiology,
alternative microbial enumeration methods and novel preservation and processing
methods for the control of Listeria in food. A detailed overview of potential alternative
methods to plate counts was presented, while the efficacy of two of these methods,
indirect impedance and bioluminescence, for measuring growth rates of Listeria in media
and complex food matrices was investigated. The effectiveness of combinations of
bioengineered nisin derivatives for controlling Listeria in model food systems was
demonstrated, while UV-LEDs were shown to be a suitable, more sustainable alternative
to traditional mercury UV lamps for inactivation of microorganisms in powdered foods.
Ultimately, this thesis describes strategies for predicting, monitoring and controlling the
growth of Listeria in foods, knowledge which may prove useful for the food industry in
their continuous quest for microbiologically safe, minimally processed foods.
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Supplementary information for Chapter IV
In this chapter we investigated the potential of Lux technology for determining growth
rates of Listeria in media and complex food matrices under varying conditions of pH,
water activity and organic acids. To this end, five L. innocua strains were transformed
with the pPL2luxPhelp plasmid, resulting in a collection of Lux-tagged strains. The figures
presented below represent bioluminescent light emission of the five Lux-tagged L.
innocua strains in BHI broth, growth curves of Lux-tagged and non-tagged L. innocua
strains in BHI and a correlation curve of a cocktail of the Lux-tagged strains in BHI broth,
pH 5.

Figure A-1. Bioluminescent light emission of Lux-tagged L. innocua strains in BHI broth at 37°C.
Washed overnight cultures were inoculated into BHI broth at a concentration of 2%. 3ml volumes
were transferred to a sterile, six-well plate and bioluminescence was measured every hour for 24h
using an IVIS100 Imaging system with an exposure time of 5min and a binning of 8.
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Figure A-2. Growth of L. innocua SLCC7199 () and L. innocua SLCC7199lux () in BHI
broth at 37°C measured by (A) viable plate counts and (B) optical density at 600nm. Data are
represented as the mean ± standard deviation of three biological repeats.
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Figure A-3. Growth of L. innocua SLCC6483 () and L. innocua SLCC6483lux () in BHI
broth at 37°C measured by (A) viable plate counts and (B) optical density at 600nm. Data are
represented as the mean ± standard deviation of three biological repeats.
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Figure A-4. Growth of L. innocua SLCC6519 () and L. innocua SLCC6519lux () in BHI
broth at 37°C measured by (A) viable plate counts and (B) optical density at 600nm. Data are
represented as the mean ± standard deviation of three biological repeats.
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Figure A-5. Growth of L. innocua SLCC6519 () and L. innocua SLCC6519lux () in BHI
broth at 37°C measured by (A) viable plate counts and (B) optical density at 600nm. Data are
represented as the mean ± standard deviation of three biological repeats.
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Figure A-6. Linear correlation between viable plate counts and RLU measurements of a cocktail
of five Lux-tagged L. innocua strains in BHI pH 5 at 37°C
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Supplementary information for Chapter V
Chapter V of this thesis investigated the use of combinations of bioengineered nisin
derivatives for the control of Listeria in broth and model food systems. The figures below
represent the effect of various concentrations of nisin A and nisin derivative peptides
(M17Q, N20P, S29E), alone and in combinations with each other, on the growth of L.
innocua FH1836lux in BHI broth, and bioluminescent images of the 630 CFS
combinations assessed.
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Figure A-7. Growth curve analysis of L. innocua FH1836lux (inoculated at 103 CFU/ml) in BHI
broth at 37°C in the presence of 1 µg/ml nisin A ( black cross), 1µg/ml M17Q (▲ blue triangle),
1µg/ml N20P ( purple square), 1µg/ml S29E ( yellow diamond), 0.5µg/ml M17Q + 0.5µg/ml
N20P ( red circle), 0.5µg/ml M17Q + 0.5µg/ml S29E ( green square), 0.33µg/ml M17Q +
0.33µg/ml N20P + 0.33µg/ml S29E (▲ orange triangle) and untreated control ( white circle).
Bioluminescence was measured at 37°C for 24h using the IVIS100 imaging system with an
exposure time of 5 minutes and a binning of 8. The inset shows the mean RLU values of L.
innocua FH1836lux in the presence of the nisin A and nisin derivative peptides at T16. Data are
represented as mean relative light units (RLU) ± standard deviation.

230

RLU

6.00E+06

5.00E+06

7.00E+06
6.00E+06
5.00E+06
4.00E+06
3.00E+06
2.00E+06
1.00E+06
0.00E+00

RLU

4.00E+06

3.00E+06

Nisin A
M17Q
N20P
S29E
M17Q+N20P
M17Q+S29E
M17Q+N20P+S…
Untreated

7.00E+06

2.00E+06

1.00E+06

0.00E+00
0

2

4

6

8

10

12

14

16

18

20

22

24

Time (h)

Figure A-8 Growth curve analysis of L. innocua FH1836lux (inoculated at 103 CFU/ml) in BHI
broth at 37°C in the presence of 2 µg/ml nisin A (), 2 µg/ml M17Q (▲ blue triangle), 2 µg/ml
N20P ( purple square), 2 µg/ml S29E ( yellow diamond), 1 µg/ml M17Q + 1 µg/ml N20P
( red circle), 1 µg/ml M17Q + 1 µg/ml S29E ( green square), 0.66 µg/ml M17Q + 0.66 µg/ml
N20P + 0.66 µg/ml S29E (▲ orange triangle) and untreated control ( white circle).
Bioluminescence was measured at 37°C for 24h using the IVIS100 imaging system with an
exposure time of 5 minutes and a binning of 8. The inset shows the mean RLU values of L.
innocua FH1836lux in the presence of the nisin A and nisin derivative peptides at T16. Data are
represented as mean relative light units (RLU) ± standard deviation.
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Figure A-9. Growth curve analysis of L. innocua FH1836lux (inoculated at 103 CFU/ml) in BHI
broth at 37°C in the presence of 4µg/ml nisin A (), 4µg/ml M17Q (▲ blue triangle), 4µg/ml
N20P ( purple square), 4µg/ml S29E ( yellow diamond), 2µg/ml M17Q + 2µg/ml N20P (
red circle), 2µg/ml M17Q + 2µg/ml S29E ( green square), 1.33µg/ml M17Q + 1.33µg/ml N20P
+ 1.33µg/ml S29E (▲ orange triangle) and untreated control ( white circle). Bioluminescence
was measured at 37°C for 24h using the IVIS100 imaging system with an exposure time of 5
minutes and a binning of 8. The inset shows the mean RLU values of L. innocua FH1836lux in
the presence of the nisin A and nisin derivative peptides at T16. Data are represented as mean
relative light units (RLU) ± standard deviation.
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Figure A-10. Growth curve analysis of L. innocua FH1836lux (inoculated at 103
CFU/ml) in BHI broth at 37°C in the presence of 6µg/ml nisin A (), 6µg/ml M17Q (▲
blue triangle), 6µg/ml N20P ( purple square), 6µg/ml S29E ( yellow diamond),
3µg/ml M17Q + 3µg/ml N20P ( red circle), 3µg/ml M17Q + 3µg/ml S29E ( green
square), 2µg/ml M17Q + 2µg/ml N20P + 2µg/ml S29E (▲ orange triangle) and untreated
control ( white circle). Bioluminescence was measured at 37°C for 24h using the
IVIS100 imaging system with an exposure time of 5 minutes and a binning of 8. The
inset shows the mean RLU values of L. innocua FH1836lux in the presence of the nisin
A and nisin derivative peptides at T16. Data are represented as mean relative light units
(RLU) ± standard deviation.
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M17Q+N20P

M17Q+S29E

Figure A-11. Bioluminescent image of the 96-well Lux-based CFS assay used in this
study. L. innocua FH1836lux was inoculated into BHI broth (103 CFU/ml) containing 5%
CFS obtained from derivative 1 and 5% CFS obtained from derivative 2 (final
concentration of 10% CFS). Bioluminescence was measured every hour for 24h using
the IVIS100 Imaging system with an exposure time of 5 minutes and a binning of 8. A
total of 630 CFS combinations from nisin derivative-producing strains were assessed
using this method. The two enhanced CFS combinations were identified by means of
reduced light emission and are highlighted in the above figure.
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Figure A-12. Bioluminescent images of the 630 combinations of CFS from nisin-producing derivative L. lactis strains assessed in this study. L. innocua
FH1836lux was inoculated into BHI broth (103 CFU/ml) containing 5% CFS obtained from derivative 1 and 5% CFS obtained from derivative 2 (final
concentration of 10% CFS). Bioluminescence was measured every hour for 24h using the IVIS100 Imaging system with an exposure time of 5 minutes and a
binning of 8. The images in this table are the bioluminescent measurements of each combination at T16. The two enhanced combinations are highlighted in
bold, red boxes.
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AAK-M21I

AAK-M21K

AAK-M2IS

AAK-M21V

AAKM21VH31K

AAK-N20P

AAK-PAQ

AAK-PGA

AAK-PIT

AAK-PV

AAK-S29A

AAK-S29D

AAK-S29E

AAK-S29G

AAK-S29R

AAK-SGK

AAK-SVA

AAK-T2L

AAK-VGA

AAK-VGT

AAK-VGV

G18DhbH27K

G18DhbH31K

G18DhbHTK

G18Dhb14V

G18DhbK12A

G18DhbK12S

G18DhbK12T

G18DhbK22M

G18DhbK22T

G18DhbM17Q

G18DhbM21A

G18DhbM21I

G18DhbM21K

G18DhbM21S

G18DhbM21V

G18DhbM21VH31K

G18DhbN20P

G18DhbPAQ
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G18DhbPGA

G18DhbPIT

G18DhbPV

G18DhbS29A

G18DhbS29D

G18DhbS29E

G18DhbS29G

G18DhbS29R

G18DhbSGK

G18Dhb-S
SVA

G18DhbT2L

G18DhbVGA

G18DhbVGT

G18DhbVGV

H27K-H31K

H27K-HTK

H27K-14V

H27K-K12A

H27K-K12S

H27K-K12T

H27K-K22M

H27K-K22T

H27K-M17Q

H27K-M21A

H27K-M21I

H27K-M21K

H27K-M21S

H27K-M21V

H27KM21VH31K

H27K-N20P

H27K-PAQ

H27K-PGA

H27K-PIT

H27K-PV

H27K-S29A

H27K-S29D

H27K-S29E

H27K-S29G

H27K-S29R

H27K-SGK

H27K-SVA

H27K-T2L

H27K-VGA

H27K-VGT

H27K-VGV

H31K-HTK

H31K-14V

H31K-K12A

H31K-K12S

H31K-K12T

H31K-K22M

H31K-K22T

H31K-M17Q

H31K-M21A

H31K-M21I

H31K-M21K

H31K-M21S

H31K-M21V

H31KM21VH31K

H31K-N20P

H31K-PAQ

H31K-PGA

H31K-PIT

H31K-PV

H31K-S29A

H31K-S29D

H31K-S29E

H31K-S29G

H31K-S29R

H31K-SGK

H31K-SVA

H31K-T2L
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H31K-VGA

H31K-VGT

H31K-VGV

HTK-14V

HTK-K12A

HTK-K12S

HTK-K12T

HTK-K22M

HTK-K22T

HTK-M17Q

HTK-M21A

HTK-M21I

HTK-M21K

HTK-M21S

HTK-M21V

HTKM21VH31K

HTK-N20P

HTK-PAQ

HTK-PGA

HTK-PIT

HTK-PV

HTK-S29A

HTK-S29D

HTK-S29E

HTK-S29G

HTK-S29R

HTK-SGK

HTK-SVA

HTK-T2L

HTK-VGA

HTK-VGT

HTK-VGV

14V-K12A

14V-K12S

14V-K12T

14V-K22M

14V-K22T

14V-M17Q

14V-M21A

14V-M21I

14V-M21K

14V-M21S

14V-M21V

14VM21VH31K

14V-N20P

14V-PAQ

14V-PGA

14V-PIT

14V-PV

14V-S29A

14V-S29D

14V-S29E

14V-S29G

14V-S29R

14V-SGK

14V-SVA

14V-T2L

14V-VGA

14V-VGT

14V-VGV

K12A-K12S

K12A-K12T

K12A-K22M

K12A-K22T

K12A-M17Q

K12A-M21A

K12A-M21I

K12A-M21K

K12A-M21S

K12A-M21V

K12AM21VH31K

K12A-N20P
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K12A-PAQ

K12A-PGA

K12A-PIT

K12A-PV

K12A-S29A

K12A-S29D

K12A-S29E

K12A-S29G

K12A-S29R

K12A-SGK

K12A-SVA

K12A-T2L

K12A-VGA

K12A-VGT

K12A-VGV

K12S-K12T

K12S-K22M

K12S-K22T

K12S-M17Q

K12S-M21A

K12S-M21I

K12S-M21K

K12S-M21S

K12S-M21V

K12SM21VH31K

K12S-N20P

K12S-PAQ

K12S-PGA

K12S-PIT

K12S-PV

K12S-S29A

K12S-S29D

K12S-S29E

K12S-S29G

K12S-S29R

K12S-SGK

K12S-SVA

K12S-T2L

K12S-VGA

K12S-VGT

K12S-VGV

K12T-K22M

K12T-K22T

K12T-M17Q

K12T-M21A

K12T-M21I

K12T-M21K

K12T-M21S

K12T-M21V

K12TM21VH31K

K12T-N20P

K12T-PAQ

K12T-PGA

K12T-PIT

K12T-PV

K12T-S29A

K12T-S29D

K12T-S29E

K12T-S29G

K12T-S29R

K12T-SGK

K12T-SVA

K12T-T2L

K12T-VGA

K12T-VGT

K12T-VGV

K22M-K22T

K22M-M17Q

K22M-M21A

K22M-M21I

K22M-M21K

K22M-M21S
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K22M-M21V

K22MM21VH31K

K22M-N20P

K22M-PAQ

K22M-PGA

K22M-PIT

K22M-PV

K22M-S29A

K22M-S29D

K22M-S29E

K22M-S29G

K22M-S29R

K22M-SGK

K22M-SVA

K22M-T2L

K22M-VGA

K22M-VGT

K22M-VGV

K22T-M17Q

K22T-M21A

K22T-M21I

K22T-M21K

K22T-M21S

K22T-M21V

K22TM21VH31K

K22T-N20P

K22T-PAQ

K22T-PGA

K22T-PIT

K22T-PV

K22T-S29A

K22T-S29D

K22T-S29E

K22T-S29G

K22T-S29R

K22T-SGK

K22T-SVA

K22T-T2L

K22T-VGA

K22T-VGT

K22T-VGV

M17Q-M21A

M17Q-M21I

M17Q-M21K

M17Q-M21S

M17Q-M21V

M17QM21VH31K

M17Q-N20P

M17Q-PAQ

M17Q-PGA

M17Q-PIT

M17Q-PV

M17Q-S29A

M17Q-S29D

M17Q-S29E

M17Q-S29G

M17Q-S29R

M17Q-SGK

M17Q-SVA

M17Q-T2L

M17Q-VGA

M17Q-VGT

M17Q-VGV

M21A-M21I

M21A-M21K

M21A-M21S

M21A-M21V

M21AM21VH31K

M21A-N20P

M21A-PAQ

M21A-PGA

M21A-PIT
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M21A-PV

M21A-S29A

M21A-S29D

M21A-S29E

M21A-S29G

M21A-S29R

M21A-SGK

M21A-SVA

M21A-T2L

M21A-VGA

M21A-VGT

M21A-VGV

M21I-M21K

M21I-M21S

M21I-M21V

M21IM21VH31K

M21I-N20P

M21I-PAQ

M21I-PGA

M21I-PIT

M21I-PV

M21I-S29A

M21I-S29D

M21I-S29E

M21I-S29G

M21I-S29R

M21I-SGK

M21I-SVA

M21I-T2L

M21I-VGA

M21I-VGT

M21I-VGV

M21K-M21S

M21K-M21V

M21KM21VH31K

M21K-N20P

M21K-PAQ

M21K-PGA

M21K-PIT

M21K-PV

M21K-S29A

M21K-S29D

M21K-S29E

M21K-S29G

M21K-S29R

M21K-SGK

M21K-SVA

M21K-T2L

M21K-VGA

M21K-VGT

M21K-VGV

M21S-M21V

M21SM21VH31K

M21S-N20P

M21S-PAQ

M21S-PGA

M21S-PIT

M21S-PV

M21S-S29A

M21S-S29D

M21S-S29E

M21S-S29G

M21S-S29R

M21S-SGK

M21S-SVA

M21S-T2L

M21S-VGA

M21S-VGT

M21S-VGV

M21VM21VH31K

M21V-N20P

M21V-PAQ

241

M21V-PGA

M21V-PIT

M21V-PV

M21V-S29A

M21V-S29D

M21V-S29E

M21V-S29G

M21V-S29R

M21V-SGK

M21V-SVA

M21V-T2L

M21V-VGA

M21V-VGT

M21V-VGV

M21VH31KN20P

M21VH31KPAQ

M21VH31KPGA

M21VH31KPIT

M21VH31KPV

M21VH31KS29A

M21VH31KS29D

M21VH31KS29E

M21VH31KS29G

M21VH31KS29R

M21VH31KSGK

M21VH31KSVA

M21VH31KT2L

M21VH31KVGA

M21VH31KVGT

M21VH31KVGV

N20P-PAQ

N20P-PGA

N20P-PIT

N20P-PV

N20P-S29A

N20P-S29D

N20P-S29E

N20P-S29G

N20P-S29R

N20P-SGK

N20P-SVA

N20P-T2L

N20P-VGA

N20P-VGT

N20P-VGV

PAQ-PGA

PAQ-PIT

PAQ-PV

PAQ-S29A

PAQ-S29D

PAQ-S29E

PAQ-S29G

PAQ-S29R

PAQ-SGK

PAQ-SVA

PAQ-T2L

PAQ-VGA

PAQ-VGT

PAQ-VGV

PGA-PIT

PGA-PV

PGA-S29A

PGA-S29D

PGA-S29E

PGA-S29G

PGA-S29R

PGA-SGK

PGA-SVA

PGA-T2L

PGA-VGA

PGA-VGT

PGA-VGV
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PIT-PV

PIT-S29A

PIT-S29D

PIT-S29E

PIT-S29G

PIT-S29R

PIT-SGK

PIT-SVA

PIT-T2L

PIT-VGA

PIT-VGT

PIT-VGV

PV-S29A

PV-S29D

PV-S29E

PV-S29G

PV-S29R

PV-SGK

PV-SVA

PV-T2L

PV-VGA

PV-VGT

PV-VGV

S29A-S29D

S29A-S29E

S29A-S29G

S29A-S29R

S29A-SGK

S29A-SVA

S29A-T2L

S29A-VGA

S29A-VGT

S29A-VGV

S29D-S29E

S29D-S29G

S29D-S29R

S29D-SGK

S29D-SVA

S29D-T2L

S29D-VGA

S29D-VGT

S29D-VGV

S29E-S29G

S29E-S29R

S29E-SGK

S29E-SVA

S29E-T2L

S29E-VGA

S29E-VGT

S29E-VGV

S29G-S29R

S29G-SGK

S29G-SVA

S29G-T2L

S29G-VGA

S29G-VGT

S29G-VGV

S29R-SGK

S29R-SVA

S29R-T2L

S29R-VGA

S29R-VGT

S29R-VGV

SGK-SVA

SGK-T2L

SGK-VGA

SGK-VGT

SGK-VGV

SVA-T2L

SVA-VGA

SVA-VGT

SVA-VGV
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T2L-VGA

T2L-VGT

T2L-VGV

VGA-VGT

VGA-VGV

L. innocua
FH1836lux

VGT-VGV
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L. innocua +
NZ9700 (nisin
A producer)

L. innocua +
NZ9800 (nonnisin producer)
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